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Abstract  

Soft Magnetic Composites (SMCs) represent a new generation of materials gaining attention for 

their effective use in electric motors and transformers. The strong magnetic properties, reduced 

eddy current losses, and flexibility in forming complex 3D shapes. They offer clear advantages 

over traditional laminated steels, especially in the designs where magnetic behavior is needed in 

all directions. SMCs are made from iron particles coated with an insulating layer, offer a unique 

combination of design flexibility and functional efficiency, making them well-suited for complex 

electromagnetic applications. This study focuses on exploring the microstructure and porosity of 

SMCs, aiming to better understand and improve their role in electromagnetic systems, particularly 

in motor component applications. The analysis of SMC materials fabricated through conventional 

die compaction methods, using high-purity iron powder coated with insulating layers. Samples 

were subjected to systematic surface preparation and examined using digital optical microscopy 

combined with image processing techniques in ImageJ. Quantitative parameters such as particle 

size, coating area, and pore equivalent diameter were extracted from nine distinct regions across 

the samples. The results reveal significant Variation across regions. This non-uniformity affects 

the electromagnetic properties of SMCs, but also suggests unequal pressure distribution during 

compaction. These findings provide valuable insight into optimizing compaction parameters and 

improving the homogeneity and functional performance of soft magnetic materials.  
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1. Introduction  

As the global push toward electrification accelerates, the demand for high-efficiency electric motors 

has brought increased attention to the materials used in magnetic core components [1][2]. Among 

emerging alternatives to conventional laminated steels are Soft Magnetic Composites (SMC) 

materials made from ferromagnetic iron particles coated with electrically insulating layers [3]. These 

composites offer advantages, including three-dimensional isotropic magnetic properties, reduced 

eddy current losses, and the ability to form complex geometries, making them especially appealing 

for next-generation electrical machines [4].  

Höganäs AB has developed advanced SMC materials such as SOMALOY 700 HR 5P [5]. These are 

designed to meet the performance demands of modern electrical systems [6]. However, achieving the 

desired performance depends heavily on precise processing and structural consistency [7]. A major 

challenge is controlling density and porosity variations that occur during powder compaction 

[8,9,10]. These variations can significantly influence the final properties of the material, particularly 

in terms of magnetic losses and mechanical strength [11,12,13,14].  

The study focuses on the microstructural characterization of SMCs specifically looking at particle 

morphology, coating uniformity, and porosity distribution across different regions of compacted 

samples. By using digital optical microscopy combined with quantitative image analysis, we aim to 

assess how microstructural features vary locally and how these variations relate to compaction 

parameters and overall processing conditions.  

Thus, the aims of this thesis are to:  

1. Analyze the distribution and morphology of particles within each region to assess how 

packing behavior and deformation during pressing affect local structure.  

2. Evaluate the uniformity of the insulating coating on individual particles, which is critical for 

minimizing eddy current losses in electromagnetic applications.  

3. Investigate how porosity levels vary across different regions of the SMC samples with a focus 

on identifying any systematic gradients introduced during compaction.  

4. Compare results across multiple samples to determine whether observed trends are consistent 

and repeatable, and what they reveal about overall process reliability and manufacturing 

uniformity.  
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2 Literature survey 

2.1 Basic principles of electric motor design 

An electric motor is used to convert electric energy from an Alternating current (AC) or Direct current 

(DC) to the mechanical energy at the rotating shaft. There are several types of electric motors such 

as induction motors, synchronous motors, and DC motors [15,16,17]. The automotive industry shifts 

toward electrification creates the demand for efficient compact and high-torque electric motors 

increasing rapidly [18,19]. In modern automobiles, electric vehicles (EVs) and hybrid electric 

vehicles (HEVs), electric motors are fundamental components that drive propulsion and auxiliary 

systems. Two main motors that are widely adopted in automotive applications are Radial Flux Motors 

(RFMs) and Axial Flux Motors (AFMs) (Figure 1). Each has specific advantages in terms of 

packaging, cooling, and performance [20,21]. The basic principle of an electric motor is that current-

carrying windings generate motion, with the current being supplied either through direct conduction 

or induced by electromagnetic induction [22] All electric motors have basic features such as 

stationary member stator and rotating member rotor. The stator and rotor have laminated magnetic 

cores composed of copper or aluminum windings (Figure 1). The stator is the critical component of 

an electric motor, which generates the rotating magnetic field driving the motor [22,23,24].  

  

Figure 1.Exploded views of axial flux machine assemblies. (A) dual-rotor, with the key components 

including the rotor yoke, stator teeth, armature windings, permanent magnets (PM), and yoke 

structures (Zhang et al., 2022). Core components (B): stator, rotor, and winding arrangement 

(Credo et al., 2021).                  

In a stator, laminated electrical steel (LES) and SMCs are two key materials, each with distinct 

advantages. LES offers high magnetic saturation, better thermal conductivity, and is well-suited for 

2D magnetic flux paths. By contrast, SMCs provide isotropic magnetic properties, very low eddy 

current losses, and enable complex 3D geometries [25,26,27]. SMC becomes advantageous due to 

their compactness, low loss at high frequencies, and flexible 3D shaping, which is a priority in modern 

EV stators where innovative designs are common [28,29].  

Selecting appropriate materials is critical for ensuring optimal performance in magnetic applications, 

with distinct considerations necessary for AC and DC systems [30,31]. The magnetic behavior of 

powders is influenced by multiple factors, including their chemical composition, melting and 
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hardening practices, and post-processing heat treatments. Magnetically soft alloys used in such 

applications are expected to exhibit several key properties [30,32,33], such as:  

1. Low hysteresis losses  

2. Low eddy current losses  

3. High permeability at low field strengths  

4. High saturation magnetization  

5. Consistency in magnetic characteristics across samples  

  

2.2 Introduction of soft magnetic composites 

Soft Magnetic Composites consist of ferromagnetic powder particles individually coated with   

electrically insulating layer (Figure 2). This unique structure allows for improved magnetic 

performance, particularly in applications involving complex magnetic flux paths [30]. SMCs are 

broadly used in both DC and AC applications [30,34]. In the context of electrical machines, SMCs 

are especially suitable for radial and axial flux topologies due to their ability to provide three-

dimensional isotropic magnetic behavior [30,35]. Unlike laminated steels, which restrict magnetic 

flux paths to planar directions, SMCs provide enhanced magnetic circuit flexibility, making them 

particularly suitable for manufacturing complex stator ring geometries in axial and radial flux 

machines. These composites are used in core designs for brushless DC motors, switched reluctance 

motors, and high-efficiency radial or axial flux machines [30,35,36]. 

                                                         

Figure 2.: Iron particle with insulating coating Adapted from [6]. 

2.2.1 Common materials for SMC  

Pure iron is the most commonly used material for (SMCs) Common alloying elements include 

Aluminium (Al), Silicon (Si), Chromium (Cr), Niobium (Nb), Molybdenum (Mo), Nickel (Ni), and 

Cobalt (Co) added in concentrations up to approximately 20 wt%. These elements help improve 

magnetic permeability and lower core losses, which increase the overall efficiency of the material. 

However, even though alloying improves resistivity, eddy current losses can still be an issue 

especially at standard industrial frequencies like 50 Hz.[30].   

2.2.2 Pure iron    

Pure iron is also known as electrical iron, which is a low-carbon material with very good soft magnetic 

properties [30]. It has slightly higher magnetic permeability than iron cobalt alloys. It is often used 

in relays, solenoids, and magnetic parts in vacuum equipment, especially for DC use. For critical 



   

 

  11 

 

 

applications, powder metallurgy is used to produce high-purity iron powders with minimal amounts 

of carbon, sulfur, oxygen, and hydrogen [30,31].    

2.2.3 Fe–Ni alloys   
Iron–nickel (Fe–Ni) alloys have the highest magnetic permeability of all soft magnetic materials, 

though their saturation flux density is usually lower than that of other alloys. They are ideal for 

applications that need very high permeability and can manage with lower magnetic induction. The 

magnetic properties of these alloys vary with their composition, so the nickel content needs to be 

chosen carefully [30,32].    

2.2.4 Fe–Si alloys   

Fe–Si alloys are commonly used in applications with alternating magnetic fields because they offer 

better electrical resistivity and magnetic performance than pure iron. These are mainly used in devices 

like relays, transformers, and solenoids, with low hysteresis loss, high permeability, and good 

electrical resistance [30,33].   

2.3.5 Fe–Co alloys   
Among all the soft magnetic materials, Iron–cobalt (Fe–Co) alloys have the highest magnetic 

saturation, which makes it suitable for use in places where maximum magnetic flux is required. These 

are also used for the creation of compact, high-efficiency magnetic circuits. Further, these alloys can 

be found in aerospace components, motors, generators, magnetic bearings, and advanced 

transformers. Thus, their ability to handle high magnetic flux is essential for energy transfer [30,34]. 

2.3 Fabrication Techniques for soft magnetic composites 

2.3.1 Powder preparation  

Powder preparation is the main step in powder metallurgy. This involves the production of metal 

powders for subsequent processing. The methods used for powder production are classified into 

chemical, physical, and mechanical techniques. Chemical methods include chemical reduction of 

metal oxides and decomposition of compounds like metal hydrides and carbonyls. Physical methods 

involve processes like electrolytic deposition, which gives high purity powders and atomization with 

gas, water, centrifugal, cryogenic, or vacuum that breaks molten metal into fine particles. Mechanical 

methods, such as ball milling, are mainly used for brittle or reactive materials, producing powders by 

grinding or crushing [8,35].   

2.3.2 Insulating Coatings  

Coated iron-based powders consist of essentially pure iron particles encapsulated by a thin, 

electrically insulating layer [8][30][36]. The primary objective of the coating is to suppress eddy 

current losses, especially in high-frequency applications. At lower frequencies, while insulation is 

somewhat less critical, it still plays a key role in minimizing eddy current effects that degrade the 

magnetic performance [37]. There are two principal coating technologies used in the industry: Liquid 

Coating Technology and Powder Coating Technology. Insulating coatings can be divided into 

organic and inorganic coatings. Organic coatings include thermoplastics and thermosetting polymers, 
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which serve as binders and insulators. The volume of non-magnetic polymer should be reduced in 

order to maintain high magnetic permeability, which maximizes the iron content [38]. 

Inorganic coatings commonly include metallic oxides, phosphates, and sulfates. These coatings 

provide high thermal stability and are particularly suited for high-temperature sintering processes 

[39]. Inorganic coatings are applied using two general methods. Wet Chemical Method (WCM) 

involves immersing particles in a chemical bath where an inorganic layer precipitates on the surface. 

This method requires strict control of bath composition, temperature, and treatment time, as powder 

particles are more reactive and harder to coat uniformly than bulk materials. Dry Chemical Method 

(DCM) is conducted in a controlled furnace environment where powders are oxidized at elevated 

temperatures, forming a thin oxide or phosphate layer. Phosphate coatings are the most widely used 

inorganic coatings in soft magnetic composites and can be applied via immersion, spraying, or 

mechanical alloying. The choice between zinc, iron, or manganese phosphate depends on the desired 

magnetic and mechanical performance [40].  

2.3.3 Powder Compaction Techniques 

The compaction of metal powders plays a crucial role in powder metallurgy which serves to 

consolidate the powder into the desired shape to achieve near-final dimensions with consideration for 

changes during sintering, control the level and type of porosity, and impart sufficient strength for 

handling in subsequent processing steps[41,42,43,44]. The metal powder compaction is broadly 

classified based on process continuity, magnitude of applied pressure, compaction velocity, 

processing temperature and the method of pressure application [45,46] .The pressing operations can 

be sequenced as Filling of the die cavities with the required quantity of powder followed by Pressing 

operation in order to achieve required green density and part thickness and withdrawal of the upper 

punch from the compact (Figure 3). P/M parts usually are classified by evaluating the complexity of 

part design on a range which are Single level components with the compacting force applied from 

one direction only. In this case the part thickness is generally limited to a maximum of 6–7 mm. 

Single level components with the force applied from two directions. Two level components pressed 

with forces from two directions.  Multilevel parts pressed with forces from two directions [4,30, 45]. 

                                              
Figure 3.Schematic representation of the compaction cycle in powder metallurgy. Adapted from [6] 
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2.3.4 Die Compaction 

This involves rigid dies and mechanical or hydraulic presses. Densities up to 90 % of full density can 

be achieved following the compaction cycle [4,46]. The friction between the powder and die wall and 

between individual powder particles hinders pressure transmission [4,47,48,49,50,51]. A high 

uniformity in green parts can be achieved depending on the kind of compacting technique which is 

type of tools and the materials to be pressed with the lubricant [4,52,53]. The compacting techniques 

would be characterized by references to the movement of the individual tool elements which is upper 

punch, lower punch and die relative to one another. The Pressing within fixed dies can be divided 

into Single action pressing and Double action pressing. The pressing operation is carried out by the 

upper punch as it moves into the fixed die. The die wall friction prevents uniform pressure 

distribution. The compact has a higher density on top than on the bottom. The another type of pressing 

only the die is stationary in the press. Upper and lower punches advance simultaneously from above 

and below into the die. The consequence is high density at the top and undersides of the compact. In 

the center there remains a neutral zone which is relatively weak [4,48,50,54,55].  

2.3.5 Factors Affecting the Compaction Process 

The compaction process in powder metallurgy is influenced by factors that determine the density, 

strength, and integrity of the green compact [56,57,58]. Powder characteristics like particle size, 

shape, distribution, and surface roughness affect packing behavior and followability. The finer 

particles may improve green density and interlocking but can also increase friction and tool 

wear[59,60]. Lubricants are essential for reducing die wall friction, ensuring smooth ejection, 

minimizing tool wear, and promoting uniform density, though improper application can lead to 

defects like cracking. Additionally, compaction pressure and speed must be carefully 

controlled[61,62]. The higher pressures improve densification but may cause structural defects if 

over-applied, while compaction speed affects particle rearrangement and uniformity, with high-speed 

pressing favoring productivity and slower speeds enhancing consistency. Balancing all these factors 

is essential to optimize compaction performance [63,64]. 

2.4 Magnetic property characterization 

SMCs possess a unique combination of magnetic and thermal isotropy, making them highly suitable 

for modern electromagnetic applications [65,66]. Their advantages include extremely low eddy 

current losses, low total core losses over a broad frequency range, high magnetic permeability, and 

elevated magnetization. These materials also offer high electrical resistivity, reduced weight and 

volume, low coercivity, a large anisotropy constant, and high Curie temperatures. Despite their 

advantages, SMCs have limitations. Although they can achieve high permeability and induction, 

these properties may still fall short when compared to laminated steel cores [67,68]. Furthermore, the 

powder metallurgy process used to produce soft magnetic powder cores is not always suitable for all 

component shapes and sizes [69,70]. Different magnetic materials are used across frequency ranges 

depending on their characteristics. The soft ferrites perform well in high-frequency applications due 

to low core losses but suffer from low magnetic flux density, requiring larger cores. Electrical steel 

sheets offer higher flux density but become inefficient at high frequencies due to significant core 

losses [71,72,73]. Powder cores, such as SMCs, bridge the performance gap between ferrites and 

electrical steels, performing effectively where neither of the other two materials.  



   

 

  14 

 

 

2.4.1 Core loss 

Core losses, also known as iron losses, are energy losses that occur within the magnetic core of the 

electric motor. It typically occurs because of hysteresis and eddy currents in the iron core (Figure4). 

Core losses are essential to address because they directly impact a motor’s efficiency [74,75,76]. 

SMCs offer low core losses at high frequencies, making them ideal for high-speed electronic 

components [77]. The total core loss 𝑃𝑡   magnetic device is the sum of the eddy current losses 𝑃𝑒   

and hysteresis losses 𝑃ℎ                                                            

                                                           𝑃𝑡 = 𝑃𝑒 + 𝑃ℎ 

2.4.2 Hysteresis loss 

Hysteresis loss is the main core loss at low frequency. It can be reduced by larger particle size and 

higher purity of the iron in the particles and stress relieving heat treatment [78]. 

                                                            𝑃ℎ = 𝑓 ∮𝐻𝑑𝐵  

Where Ph is the hysteresis loss, f is the frequency, H is the magnetic field strength, and B is the 

magnetic induction. In an iron powder material, impurities in the iron particles and stressed regions 

give rise to pinning sites that hinder domain wall motion. The coercive force raised by these causes 

can be reduced by using a high purity iron for the particles and providing a heat treatment procedure 

following compaction to improve the stressed regions. Another source of hindering the domain wall 

motion is possible grain boundaries inside the particles. The heat treatment procedure following the 

compaction is the main step to be taken to reduce hysteresis loss [79,80]. 

2.4.3 Eddy current loss 

Eddy current loss is due to electrical resistance losses within the core caused by the alternating electric 

field. When eddy currents are induced in materials, two main effects are observed incomplete 

magnetization of the material and increase in core losses [81]. Eddy current loss can be expressed as  

                                                                   

          𝑃𝑒 =
𝐶𝐵2𝑓2𝑑2

𝜌
 

B the flux density, f is the frequency, ρ the resistivity, and d is the thickness of the material. The latest 

technique is insulated iron powder with the smallest eddy current loss. The insulating coating of every 

particle gives very small eddy current paths inside a particle and a relatively high resistivity of the 

bulk material [82]. The small non-magnetic distances between every particle act as air gaps and 

decrease the permeability of the bulk material [83].   
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Figure 4. Schematic illustration of iron loss mechanisms in soft magnetic composites and the 

corresponding factors and provisions for loss reduction. Adapted from [6] 

2.4.4 Magnetic Permeability 

The essential performance indicators for iron core components are magnetic permeability. These 

magnetic, electrical, and mechanical properties are significantly influenced by the processing 

methods and preparation techniques used during component fabrication. Additionally, the purity of 

the raw materials, along with the shape and size of the particles, plays a critical role in determining 

the final magnetic response of the material [84].SMCs can be effectively described by its permeability 

because it directly links two main magnetic quantities the magnetic field strength H and flux density 

B  

B=µH  

There are different ways to understand magnetic permeability. One way is by looking at DC 

permeability, which describes how much magnetic field (B) is created in a material when it's exposed 

to a constant, unchanging magnetic force (H). Such effect is related to the movement of magnetic 

domain walls and is a function of the material's features as well as external factors. The concept of 

permeability is also useful to deal with SMCs exposed to AC conditions [85].  



   

 

  16 

 

 

2.5Microstructural Analyses  

2.5.1Optical Microscopy 

Optical Microscopy (OM) is often employed as a primary technique for the analysis of sample surface 

features. The principal feature of OM lies in the ability to capture the images formed by the passage 

of light beams through the sequence of optical elements used in the pixel matrix Figure (5)[86,87]. 

This method provides visually examining microstructural details, such as Iron Particle shape and size, 

insulating coating and surface defects. Additionally, multiple images can be stitched to create a 

comprehensive view of a larger area.  

                                                    

Figure 5.Schematic diagram of a modern optical microscope system, illustrating the light path and 

key components including the light source, condenser, objective lens, and digital camera. Adapted 

from [86]. 

2.5.2 Image analysis: 

The micrographs captured through optical microscopy were processed using digital image analysis 

to extract meaningful structural information [88,89]. Brightness adjustment and contrast were 

adjusted, along with smoothing or sharpening filters, which helped prepare the images for 

segmentation. Thresholding was used, which allowed clear separation of features such as particles, 

pores, and coatings from the background. The analysis was carried out using ImageJ, a widely used 

open-source software, which enables accurate measurement of microstructural properties. The 

software was used to evaluate particle size, shape, and orientation, as well as pore size, shape, 

orientation, and distribution. It also allowed for quantifying the coating area fraction and its 

distribution across the sample. These measurements, obtained through segmentation and particle 

analysis tools, provided valuable insights into the material’s internal structure and gave a better 

understanding of how these microstructural features influence its overall behavior [90]. 

Although SMCs have been widely investigated for their unique combination of magnetic and 

mechanical properties, most existing studies emphasize bulk magnetic behavior. There is limited 

research that systematically examines how regional inconsistencies such as particle distribution, 

porosity gradients, and coating uniformity affect the internal quality of geometrically complex 

components like stator teeth. Further, the influence of die geometry and compaction technique on 
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regional microstructural features has been explored only in recent times, especially for stator-ring 

and cube-shaped samples. This gap highlights the need for detailed location specific microstructural 

analysis to have a better understanding and optimization of the fabrication process for SMC 

components.  

3. MATERIALS AND METHODS:  

Samples in the form of stator tooth and cubes were manufactured in the fixed dies with single action 

pressing and double action pressing at Högänas. The analysis of their microstructure was performed 

at Lund University.  

3.1 Specimen preparation 

In this study, the material selected for experimentation is SOMALOY 700 HR 5P. This alloy is 

composed of high-purity iron powder with particle sizes ranging from 50 to 150 μm. Each particle is 

coated with a phosphate-based insulating layer with additives 0.3% 5p lube, as indicated in (Table 1) 

samples  Type  Dimension (mm)  

1  Stator 24x20x6  

2  Stator 24x20x6  

3  Cube  22x22x10  

Table 1. Sample specifications and physical dimensions used for microstructural analysis. 

The compaction was carried out under a uniaxial pressure of 800 MPa with the die maintained at a 

temperature of 100 °C. This was followed by a heat treatment conducted in a nitrogen atmosphere at 

650 °C. The preparation of samples started with the computer Aided Design (CAD) and the 

parameters are shown in the (Table 2) below along with coordination system schematic, as shown in 

(Figure 6). 

  
Figure 6. CAD model of the stator ring illustrating geometric directions such as axial direction 

(AD) Radial direction (RD) and Tangential direction (TD) 
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The preparation of the stator and cube specimens involved a multi-stage cutting and finishing process 

to ensure high-quality surface for microstructural analysis (Figure 7). Initial sectioning of the stator 

rings was performed using a diamond wire saw with a wire speed of 2.0 m/s, a feed force of 150 g, 

wire tension of 1500 g, and a wire diameter of 0.22 mm. Water was used as a coolant to minimize 

thermal effects and assist in debris removal. Following this, stator rings were mounted on a precision 

abrasive cut-off machine to bisect individual teeth with a dimensional tolerance of ±1 mm, while 

cube specimens were directly sectioned using the same machine. The cutting process employed an 

aluminum oxide grinding wheel (50A15) with dimensions of 15 mm × 0.5 mm × 12.7 mm, operating 

at 3000 rpm with a feed rate of 0.01 mm/s, and water as a coolant to prevent thermal damage and 

enhance surface quality. Subsequent surface grinding was carried out using silicon carbide (SiC) 

abrasive papers in sequential grit sizes of P800, P1200, P2000, and P4000. After each grinding step, 

specimens were rinsed thoroughly with water to eliminate residual abrasive particles and prevent 

contamination between stages. Final polishing was completed using diamond suspension sprays of 

3 µm (M3), 1 µm (M1), and 0.25 µm (P1/4) applied to a cloth-covered polishing wheel, achieving a 

mirror-like finish while minimizing deformation caused during grinding. 

 
Figure 7. Flow chart illustrating the multi-stage preparation process for stator and cube specimens 

3.2 Digital Optical Microscopy  

The OM, was used for digital image acquisition and processing to extract quantitative information 

from microstructural images. As light passes through or reflects off from the sample surface, intensity 

variations caused by surface features such as particles, pores, and coatings are collected by the 

objective lens and directed through semi-reflecting mirrors toward the photographic sensor (Figure 

8). These variations are recorded as pixel intensity differences in the resulting digital image, enabling 

quantitative analysis of microstructural characteristics such as particle size, pore distribution, and 

coating coverage. 

Parameter  Value   unit  

Tooth number  12    

Outer Diameter  109.7  mm  

Inner Diameter  60  mm  

Axial length  24  mm  

Radial Height  20  mm  

Core back depth  5  mm  

Table 2.CAD based dimensional parameters for stator geometry design used in sample preparation 
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To investigate the microstructural characteristics of the samples, digital optical microscopy was 

performed using a Keyence VHX-6000 system. Images were acquired from selected Nine locations 

across each sample. Specifically, micrographs were captured from top, middle, and bottom, each 

further divided into left, center, and right were selected for imaging. This approach was chosen due 

to density variations during the manufacturing or processing gradients. 

A fixed magnification and scale bar were applied to all images to maintain consistency. For the   

sample overview image magnification of 200x and scale bar of 1000 micrometer and location specific 

image was taken with the magnification of 300x and scale bar of 100 micrometer for the stator 

samples and magnification 500x and scale bar of 100 micrometer The scale was chosen to ensure that 

a sufficient number of  microstructural features such as particles, pores, and coating interfaces were 

visible within each field of view. This allowed for statistical significance in the subsequent image 

analysis, with each frame containing multiple repeatable features for accurate quantitative evaluation. 

 

                                  

Figure 8. Schematic diagram illustrating the basic working principle of an optical microscope used 

in digital image acquisition. Adapted from [87] 

3.3 Digital image processing  

The image taken from the microscopy was qualitatively analyzed through the digital image 

processing technique (Figure 9). The optical image was calibrated in a line drawn over the scale bar 
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present in the micrograph which allows the software to accurately convert pixel measurements into 

micrometers. Images were converted to a 8-bit grayscale format using the ImageJ software, to 

standardize the intensity values across all samples and facilitate uniform processing. 

Subsequently, image segmentation was performed using Thresholding techniques to convert the 

grayscale images into binary form. Through this approach, grayscale images were converted into 

binary images, enabling clear differentiation between features of interest and background. This 

process involves distinguishing and isolating features such as particles, binders, and pores from the 

background matrix. Thresholding was applied using both manual adjustment and automated 

algorithms, with the Otsu method frequently employed due to clear separation between phases. To 

minimize high-frequency noise while preserving edge information between adjacent features such as 

grains or pores, a Gaussian filter with a sigma value of 2 was applied. The selection of the filter size 

was made carefully, considering the trade-off between effective noise reduction and the potential 

distortion of fine features. 

Following Thresholding, the binary images were refined using a median filter to further suppress 

noise and improve the clarity of feature boundaries. Once the phase separation was complete, each 

particle or pore was represented as a distinct connected group of pixels. Quantitative analysis was 

then performed to extract features such as Area fraction, equivalent diameter. A size filter was also 

applied to eliminate noise and irrelevant small features by setting a minimum area threshold, ensuring 

only statistically significant elements were included in the analysis. 

 

Figure 9.Flowchart illustrating the image processing workflow used for microstructural analysis of 

soft magnetic composites 
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4. Results and Analysis  

4.1 Sample overview  

The SMC samples are analyzed for the distribution of pores, particle morphology, and coating layers 

(Figure 10). To ensure a comprehensive analysis. Nine distinct locations across the surface of the 

sample- top, middle, and bottom, each further divided into left, center, and right are selected for 

imaging and evaluation using optical microscopy (Figure 11). These locations are strategically chosen 

to cover different regions of the sample, minimizing location bias and for the assessment of local 

variations in compaction density, pore size, particle distribution, and coating uniformity [91].  

Quantitative analysis is performed using ImageJ software to extract data on particle area, pore area, 

and coating characteristics.  

   
Figure 10.Optical micrographs of Sample 1 (A), Sample 2 (B), and Sample 3 (C). The images 

illustrate both radial and axial directions 
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Figure 11.Optical micrographs of Sample 1 (Stator Tooth) captured at nine distinct regions, 

illustrating surface morphology. TL-Top left, TC-Top center, TR-Top right, ML-Middle left 

4.2 Particle Size Distribution  

In the stator ring samples, distinct radial and axial trends are observed. Particle distributions for the 

three samples are obtained using image thresholding (Figure 12). For Sample 1 (Figure 13 A), the 

top and bottom regions shows consistent trend where the average particle area is highest near the 

inner diameter (right end) approximately 14000 µm² and 9000 µm² this value then decreases toward 

the center about 12000 µm² and 6400 µm² followed by slight increase at the outer diameter (left end) 

reaching around, at 13800 µm² and 6500 µm² respectively. However, in the middle region the inner 

(9100 µm²) and outer (9200 µm²) diameter shows the highest average particle area when compared 

to the center (1100 µm²). This gradient suggests a compaction pressure imbalance and potential 

particle movement towards the die center during pressing. The rightward increase in particle area, 

seen in both the top and bottom layers, further supports this interpretation  

In sample 2 (Figure 13 B), the top, middle, and bottom region shows a consistent trend, where the 

average particle area are highest near the inner diameter approximately 12,000 µm², 9,500 µm², and 

6,500 µm², respectively. This value then decreased towards the center of each layer to about 8,500 

µm², 8,000 µm², and 6,300 µm², followed by a slight increase in the outer diameter, reaching around 

9,500 µm², 8,000 µm², and 5,600 µm², respectively. Although more uniform than Sample 1, the 
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distribution still reflects non-uniform powder packing, caused by ring geometry and compaction 

constraints. Notably, the inner diameter of both stator samples demonstrated higher variability, 

possibly due to frictional resistance or flow hindrance during powder filling.  

In contrast, Sample 3 (Figure 13 C), a cube specimen are fabricated using a moving die, demonstrated 

a significantly more uniform area distribution. Particle areas across top and bottom region shows 

same trend where the average particle area is highest at left end approximately 2500 µm² and 2900 

µm² and decrease towards the center about 1900 µm² and 2300 µm² followed by slightly increase at 

the right end 2200 µm² and 2500 µm² whereas the middle region has slightly elevated value of 5200 

µm² particularly on the right side. Despite this minor variation, the particle area across Sample 3 

remained within a tight and consistent range, reflecting uniform compaction pressure and 

homogeneous powder distribution. The minimal deviation observed confirms the advantage of 

symmetric geometry and dynamic die motion in producing structurally consistent SMC components.  

In summary, the area-based particle size analysis highlights critical differences driven by sample 

geometry and compaction method. Stator ring samples (1 and 2) exhibited radial gradients and top 

region demonstrated heavy distributions, especially near the inner diameter, pointing to asymmetric 

pressure transmission and material movement during pressing. In contrast, the cube sample (Sample 

3) displayed excellent uniformity, underscoring the benefits of a controlled, symmetric compaction 

system.    

 
Figure 12.Particle detection results for Sample 1 at nine locations using image thresholding. 

Thresholding enabled the isolation of individual particles from the background 
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Figure 13.Average particle area distribution for Samples 1(A), 2(B), and 3(B). The graph illustrates 

variations in particle size across the regions within each sample, highlighting the effect of 

compaction. 

4.3. Coating Area Distribution  

The microscope images also provided insight into the binder phase used to coat individual iron 

particles. The binder appeared as a thin non-metallic phase at the grain boundaries (Figure 14 ), which 

electrically insulates adjacent particles. The image thresholding reveales regions of binder presence, 

typically visible as lighter areas at the inter-particle boundaries.   

In Sample 1 (Figure 15A ), the highest coating percentage are seen at the center for the top, middle 

and bottom regions at 11%, 14.4% and 16% respectively, whereas the inner (9.6%, 13.3%, 15.5% 

respectively) and outer diameter (9.6%, 14.1%, 15.4% respectively) across the top, middle and 

bottom regions, showed more consistent percentage. This suggests non-uniform settling of the 

coating material during powder compaction   

In Sample 2 (Figure 15B ) a similar trend are observed, where the highest coating percentages are 

seen at the center for all the three regions at 10.7%, 11.6% and 13.6% respectively. However both 

the inner (9.3%. 11.1%, 13.7% respectively) and outer diameter (10.1%, 10.9%, 13.3% respectively) 

had relatively lower values for all the three regions. This radial and vertical distribution pattern 

suggests that powder movement toward the inner diameter or reduced pressure transfer at the outer 

diameter may contribute to slight coating drift.  

C    
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Sample 3 (Figure 15C ) displayed uniform coating distribution. The highest coating distribution are 

again seen at the center for the three regions at 15.7%, 13.1% and 15% respectively. However the 

right (15.6%,12.3% and 14.7% respectively) and left end (15.4%, 12.9% and 13.5% respectively) 

shows a consistent trend for the three regions The uniform radial profile reveals minimal material 

drift indicating that this sample benefited from optimized processing, likely including better powder 

flow and compaction balance.   

Overall, the coating percentage data illustrates a clear trend in distribution quality across the three 

samples. The highest values are observed at the center for all three regions. Sample 1 exhibited 

pronounced vertical and radial inconsistencies, likely resulting from uneven compaction forces 

during pressing. In contrast, Sample 2 demonstrated improved coating uniformity. However, some 

asymmetry particularly along the axial direction. Sample 3 shows the most uniform and consistent 

coating distribution with minimal fluctuation across both vertical and radial directions, making it the 

more optimized sample in terms of insulation. 

 

Figure 14.Binder detection results for Sample 1 at nine locations using image thresholding. 

Thresholding enabled the visualization and isolation of the binder phase coating individual particles 

across the regions 
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Figure 15.Coating detection results for Samples 1 (A), 2 (B), and 3 (C) at nine locations using image 

thresholding, illustrating distribution patterns across the regions, and highlighting the effects of 

compaction. 

4.4 Porosity Characterization and Regional Distribution  

The optical microscopy image reveals the presence of pores within the SMC sample. Image 

thresholding technique is used to quantify, isolate, and analyze the pore regions (Figure 16). These 

pores are irregularly distributed across the surface and It is mostly located along the boundaries of 

compacted particles. Across all the three samples, the histograms appeared to be right skewed. This 

indicates that most pores fall within a small size range of 5-20 µm, while a smaller fraction of larger 

pores are about 50 µm, particularly in some top and center regions. This skewed distribution suggests 

that fine porosity is present in the structure, indicating non-homogeneous densification during the 

compaction process.   

In Sample 1(Figure 17 A), the highest pore sizes were present at the center of each layer, measuring 

17.2 µm in the top, 16.6 µm in the middle, and 16.7 µm in the bottom regions. The outer diameter 

positions showed values of 16 µm, 16.2 µm, and 16.6 µm, while the inner diameter positions 

recorded 17.0 µm, 9.4 µm, and 15.6 µm for the top, middle, and bottom layers respectively. The 

significant drop in the middle-right (outer) region indicates localized densification and non-uniform 

compaction.  

In Sample 2 (Figure 17 B), pore sizes at the center of the top, middle, and bottom layers were 17 µm, 

9.5 µm, and 15 µm respectively. The inner diameter recorded 17.2 µm, 15.9 µm, and 16.5 µm, while 

the outer diameter measured 17.1 µm, 15.6 µm, and 15.7 µm respectively.  

C   
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In Sample 3 (Figure 17 C), the pore sizes were generally higher and more variable. The center region 

shows value of 17.1 µm (top), 18.8 µm (middle), and 14.9 µm (bottom). The left edge shows 

17.9 µm, 17.5 µm, and 17.2 µm, while the right edge shows 18.7 µm, 15.0 µm, and 10.3 µm 

respectively. The large pore sizes in the top and middle layers, especially at the center, indicate low 

compaction resistance, whereas the bottom-right region shows the smallest pore size, pointing to 

possible die-wall friction and uneven pressure distribution.  

In summary, a consistent pattern emerged across the samples, the top layer shows the highest porosity, 

middle layer shows localized densification (especially in Sample 1 MR and Sample 2 C), and bottom 

layers are generally more uniform, though Sample 3 introduced notable variability. These 

observations confirm that compaction pressure is not uniformly transmitted through the sample 

thickness.  

 

Figure 16.Porosity detection results for Sample 1 at nine locations using image thresholding. 

Thresholding enabled the visualization and isolation of pore regions within the microstructure across 

the regions. 
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Figure 17.The histograms for Samples 1 (A), 2 (B), and 3 (C) illustrate the distribution of pore 

equivalent diameters across nine defined regions: top-left (TL), top-center (TC), top-right (TR), 

middle-left (ML), center (C), middle-right (MR), bottom-left (BL), bottom-center (BC), and bottom -

right (BR). 

4.4 Influence of Microstructural Characteristics on Electromagnetic Performance of SMCs 

The stator tooth magnetic permeability is critically influenced by microstructural factors such as 

particle size, coating distribution, and porosity. Based on the microstructural data from stator samples 

1 and 2, a clear axial gradient is observed across the top, middle, and bottom regions of the stator 

ring. 

In Sample 1, a clear axial gradient in microstructural characteristics appears from the top to the bottom 

of the stator ring. The top region shows the largest average particle size (1.20 × 10⁴ to 1.40 × 10⁴ 

μm²) with high standard deviation, the lowest coating percentage (9.5–11%), and the highest porosity 

(16.2–17.2 μm pore diameter). This combination supports higher magnetic permeability due to 

improved particle contact but leads to increased eddy current losses due to insufficient insulation and 

significant porosity. The middle region displays comparatively balanced values, with  particle sizes 

(0.90 × 10⁴ to 1.15 × 10⁴ μm²), coating coverage (13.5–14.5%), and porosity (9.4–16.5 μm), which 

results in more stable magnetic behavior and reduced total iron loss. The bottom region contains the 

smallest particle sizes (0.65 × 10⁴ to 0.90 × 10⁴ μm²), the highest coating percentage (15.5–16%), and 

relatively low porosity (15.6–16.7 μm). This structure reduces eddy current loss but may decrease 

permeability and increase hysteresis loss due to limited magnetic contact between particles 
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Sample 2 exhibits a similar axial trend, with slightly smaller particle size ranges overall. The top 

region contains particle sizes between 0.9 × 10⁴ and 1.2 × 10⁴ μm², low coating percentages (9.5–

10.7%), and high porosity values (16.8–17.2 μm), which contribute to higher permeability but also 

increase eddy current loss due to poor insulation and porosity. The middle region maintains 

comparatively more balanced microstructure, with particle sizes ranging from 0.8 × 10⁴ to 1.0 × 10⁴ 

μm², coating percentages of 11–12%, and pore diameters between 9.4 and 15.9 μm. This region   

provides stable magnetic performance   iron losses. The bottom region shows the smallest particle 

sizes (0.5 × 10⁴ to 0.8 × 10⁴ μm²), the highest binder coverage (13–14%), and porosity between 15.0 

and 16.5 μm. While High levels of insulation reduce the formation of eddy currents, the reduced 

particle connectivity limits magnetic permeability and raises hysteresis loss. 

The stator tooth shows a clear axial gradient in microstructural characteristics from the top to the 

bottom of the stator ring, influencing their electromagnetic performance. In both samples, the top 

region features the largest particle sizes, lowest coating percentages, and highest porosity, promoting 

higher magnetic permeability but also increased eddy current loss due to poor insulation. The middle 

region shows comparatively more balanced microstructural values, offering stable magnetic behavior 

and reduced total iron loss. The bottom region, with smallest particle sizes, highest coating levels, 

and lower porosity, effectively minimizes eddy current loss but may reduce permeability and increase 

hysteresis loss due to restricted magnetic contact. 
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Conclusion  

This study aimed to investigate the microstructural characteristics of Soft Magnetic Composites 

(SMCs) by analyzing particle size, coating distribution, and pore structure across various regions 

within differently shaped samples. Using high-resolution micrographs and quantitative image 

analysis across stator ring sections and a cube sample,The study effectively identified and analyzed 

key microstructural features that influence the electromagnetic performance of the stator. The results 

revealed clear dependencies between sample geometry, compaction technique, and local structural 

properties, confirming the critical role of fabrication methods in determining microstructural 

uniformity.  

Stator ring samples (Samples 1 and 2) exhibited pronounced radial and axial non-uniformities, 

particularly near the top regions and inner diameters. These variations are indicative of uneven 

compaction pressure transmission and possible powder settling or frictional resistance during die 

filling. As a result, the samples showed inconsistent particle dispersion, larger localized pores, and 

uneven coating coverage factors that can negatively impact both the mechanical strength and 

magnetic efficiency of the components.  

In contrast, the cube specimen (Sample 3), demonstrated significantly improved structural uniformity. 

Across all analyzed regions, particle size distribution, coating area, and porosity remained consistent. 

This highlights the effectiveness of symmetric geometry and moving-die compaction in minimizing 

defects and achieving homogeneous microstructures. These results support the conclusion that fixed 

die pressing in asymmetrical geometry introduces microstructural heterogeneity. While optimized, 

geometry-specific compaction strategies are essential for ensuring the functional reliability of SMCs.   

In conclusion, the work establishes that optimized compaction strategy and geometry-specific process 

control are essential for achieving homogeneous SMC structures. Improved coating distribution, 

narrow particle size variation, and balanced porosity contribute to reduced core losses and enhanced 

magnetic permeability. The study provides a solid foundation for future efforts to refine die design, 

introduce dual-action pressing, and implement real-time process monitoring for the manufacturing of 

high-performance SMC components  
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Future work  

Future research should aim to establish correlations between the observed microstructural features 

such as pore size, shape, and distribution and the magnetic and mechanical properties of SMCs, 

including permeability and core losses. Employing advanced three-dimensional imaging techniques 

SEM would enable more comprehensive analysis of pore volume, connectivity, and anisotropy. 

Further studies should explore the effects of varying compaction pressure, pressing speed, and die-

wall friction on porosity gradients, supported by finite element modeling (FEM) to simulate 

compaction behavior. Expanding the investigation to include different material grades, particle sizes, 

and coating compositions would help validate the consistency of the observed trends. Additionally, 

examining the impact of post-compaction processes like annealing on pore closure and magnetic 

performance would provide practical insights.  
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Appendices 

 

Table 3. Microstructural characterization of Sample1 at different locations (Top Left, Top Center, 

Top Right), showing image area, particle area, pore area, and coating area in various units (pixels, 

square microns, fractions, equivalent diameter) 

Sample1  Image area  Particle 

area  

  Pore area    Coating 

area  

  

Location  Top Left  Mean   SD  MEAN  SD  MEAN  SD  

Pixels  16000000  32172.0    1207.4    891.2    

Square 

microns  

6970972.8  13834.0  1987.5  269.9  515.3  445.6  1094.98  

Fractions  0.43  77.4    2.2    9.6    

Equivalent 

Diameter   

  132.71  7.011  16.0  19.1      

Location  Top center              

Pixels  16000000  27684.4    821.4    325    

Square 

microns  

6970972.8  11904.3  1694.5  410.7  939.7  162.5  304.8723  

Fractions  0.43  76.7    2.3    11.1    

Equivalent 

Diameter  

  123.1  10.5  17.2  24.5      

Location  Top Right              

 

Pixels  16000000  32539.7            

Square 

microns  

6970972.8  13992.1  1941.8  305.2  557.6  328.1  294.39  

Fractions  0.43  75.8    2.7    9.6    

Equivalent 

Diameter  

  133.4  6.8  16.8  19.3      

Location  Middle left              

Pixels  16000000  3913.7            

Square 

microns  

6970972.8  9101.8  1009.1  305.8  663.7  125.7  381.01  

Fractions  0.43  71.9    1.7    14.1    

Equivalent 

Diameter  

  107.65  9.7  16.2  19.7      

Location  center              
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Pixels  16000000  26756.5            

Square 

microns  

6970972.8  11505.3  1161.3  383.4  1256.5  359.7  543.1  

Fractions  0.43  73.3    1.7    14.4    

Equivalent 

Diameter  

  121.0  7.6  16.5  22.7      

Location  Middle right              

Pixels  16000000  21474.4            

Square 

microns  

6970972.8  9234.0  1289.7  263.8  565.69  185.4  631.4  

Fractions  0.43  73.67    1.5    13.3    

Equivalent 

Diameter  

  108.4  10.2  9.4  18.52      

Location  Bottom left              

Pixels  16000000  15121.6            

Square 

microns  

6970972.8  6502.3  936.1  328.7  603.4  388.6  459.3  

Fractions  0.43  72.0    2.0    15.4    

Equivalent 

Diameter  

  90.9  10.95  16.6  19.1      

Location  Bottom center              

Pixels  16000000  14846.5            

Square 

microns  

6970972.8  6384.0  671.4  320.4  589.7  227.7  641.0  

Fraction  0.43  77.87    2.2    15.9    

Equivalent 

Diameter  

  90.1  7.0  16.7  18.8      

Location  Bottom right              

Pixels  16000000  20350.9            

Square 

microns  

6970972.8  8750.9  944.3  275.5  620.2  275.5  578.3  

Fractions  0.43  71.3    2.1    15.5    

Equivalent 

Diameter  

  105.5  9.4  15.6  18.3      
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Table 4.  Microstructural characterization of Sample 2 at different locations (Top Left, Top Center, 

Top Right), showing image area, particle area, pore area, and coating area in various units (pixels, 

square microns, fractions, equivalent diameter). 

Sample2  Image area  Particle 

area  

  Pore area    Coating 

area  

  

Location  Top Left  Mean   SD  MEAN  SD  MEAN  SD  

Pixels  16000000  27617.4            

Square microns  6970972.8  11875.5  1643.5  493.4  953.5  202.84  1162.8  

Fractions  0.43  77.6    1.3    9.3    

Equivalent 

Diameter   

  122.9  7.8  17.2  28.9      

Location  Top center              

Pixels  16000000  19800.4            

Square microns  6970972.8  8514.2  1124.3  410.0  803.0  190.9  918.9  

Fractions  0.43  79.6    0.9    10.7    

Equivalent 

Diameter  

  104.1  8.1  16.8  23.58      

Location  Top Right              

Pixels  16000000  22300.9            

Square microns  6970972.8  9589.4  1276.8  339.1  609.72  135.0  465.1  

Fractions  0.43  78.8    0.9    10.1    

Equivalent 

Diameter  

  110.4  8.2  17.1  20.25      

Location  Middle left              

Pixels  16000000  22300.2            

Square microns  6970972.8  9589.1  1274.6  316.9  550.4  301.49  3107.4  

Fractions  0.43  75.7    0.5    11.1    

Equivalent 

Diameter  

  110.4  10.6  15.9  22.1      

Location  center              

Pixels  16000000  18447.4            

Square microns  6970972.8  7932.4  1044.9  310.4  743.5  91.977  169.0  

Fractions  0.43  74.5    0.5    11.6    

Equivalent 

Diameter  

  100.4  9.1  9.4  19.5      

Location  Middle right              

Pixels  16000000              

Square microns  6970972.8  8257.5  706.76  405.34  1493.8  132.9  291.5  

Fractions  0.43  71.8    0.5    10.9    

Equivalent 

Diameter  

  249  8.9  15.6  23.2      
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Location  Bottom left              

Pixels  16000000  19203.4            

Square microns  6970972.8  8174.6  998.1  394.9  654.1  455.64  3984.5  

Fractions  0.43  74.1    0.7        

Equivalent 

Diameter  

  102.0  9.0  16.5  18.7  13.7    

Location  Bottom center              

Pixels  16000000  14717.2            

Square microns  6970972.8  6328.4  777.7  290.0  616.82  396.1  3392.0  

Fraction  0.43  76.68    0.6    13.6    

Equivalent 

Diameter  

  89.7  9.1  15.0  19.7      

Location  Bottom right              

Pixels  16000000  13147.2            

Square microns  6970972.8  5653.3  715.6  429.1  829.91  125.7  991.6  

Fractions  0.43  78.13    0.6    13.3    

Equivalent 

Diameter  

  84.7  9.9  15.7  27.5      

 

   

Table 5. Microstructural characterization of Sample 3 at different locations (Top Left, Top Center, 

Top Right), showing image area, particle area, pore area, and coating area in various units (pixels, 

square microns, fractions, equivalent diameter). 

Sample3  Image area  Particle 

area  

  Pore 

area  

  Coating 

area  

  

Location  Top Left  Mean   SD  MEAN  SD  MEAN  SD  

Pixels  16000000  5756.9            

Square microns  6970972.8  2475.5  335.2  219.3  260.1  47.4  306.77  

Fractions  0.43  77.2    0.8    15.4    

Equivalent 

Diameter   

  56.14  4.9  17.9  12.3      

Location  Top center              

Pixels  16000000  4306.9    362.71  736.5  35.33  484.69  

Square microns  6970972.8  1852.0  256.7  1.0    15.7    

Fractions  0.43      17.1  19.7      

Equivalent 

Diameter  

  48.5  4.1          

Location  Top Right              

Pixels  16000000  5161.1            

Square microns  6970972.8  2219.3  315.1  335.76  548.93  50.6  296.8  

Fractions  0.43  71.8    0.8    15.6    
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Equivalent 

Diameter  

  53.1  5.5  18.7  19.16      

Location  Middle left              

Pixels  16000000  9344.4            

Square microns  6970972.8  4018.1  594.8  396.7  800.0  62.1  206.0  

Fractions  0.43  77.1    1.8    12.9    

Equivalent 

Diameter  

  71.5  9.1  17.5  26.7      

Location  center              

Pixels  16000000  8715.8            

Square microns  6970972.8  3747.8  550.1  507.9  1204.9  33.59  354.93  

Fractions  0.43  69.5    1.8    13.1    

Equivalent 

Diameter  

  69.0  5.72  18.8  27.2      

Location  Middle right              

Pixels  16000000  12130.6            

Square microns  6970972.8  5216.2  735.0  261.2  373.15  60.7  541.8  

Fractions  0.43  68.7    1.7    12.3    

Equivalent 

Diameter  

  81.4  5.6  14.9  15.48      

Location  Bottom left              

Pixels  16000000  6653.4            

Square microns  6970972.8  2861.0  500.7  298.7  418.64  57.4  488.2  

Fractions  0.43  75.8    1.2    13.5    

Equivalent 

Diameter  

  60.3  7.2  17.2  16.7      

Location  Bottom center              

Pixels  16000000  5540.4            

Square microns  6970972.8  2382.4  349.9  375.94  679.82  64.9  474.39  

Fraction  0.43  66.0    1.7    15.0    

Equivalent 

Diameter  

  55.0  5.03  14.9  22.3      

Location  Bottom right              

Pixels  16000000  5885.8            

Square microns  6970972.8  2530.9  376.4  299.01  479.8  69.2  447.23  

Fractions  0.43  63.0    1.0    14.7    

Equivalent 

Diameter  

  56.7  4.5  10.3  16.3      

 


