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Kurzfassung  

Die Verwendung von weichmagnetischen Verbundwerkstoffen (SMC) in  

Geräten zur Energieumwandlung bietet eine hohe magnetische Permeabilität, 

einen hohen Widerstand und damit geringe Wirbelstromverluste sowie ein  

geringes Bauteilgewicht und eine geringere Bauteilgröße. Diese einzigartigen 

Eigenschaften der SMCs führen zu neuen Designoptionen für 3D-Komponen-

ten, die neben den magnetischen Eigenschaften der SMCs jedoch auch eine 

gewisse mechanische Robustheit des Materials verlangen. 

Typischerweise bestehen SMCs aus großen Eisenpartikeln, die mit einer rela-

tiv dünnen anorganischen Schicht ummantelt sind. Diese Isolierschicht führt 

zu einem höheren spezifischen Widerstand, wodurch die Wirbelstromverluste 

reduziert werden. Die Eisenpartikel dominieren in vorteilhafter Weise die 

magnetischen Eigenschaften. Die Kombination von weichen Eisenpartikeln 

mit einer spröden Isolierschicht bewirkt jedoch ein eher schlechtes mechani-

sches Verhalten der SMCs. 

In der vorliegenden Arbeit wurde Somaloy 700 3P untersucht, das aus reinen 

Eisenpartikeln besteht, die mit einer dünnen anorganischen Phosphorous-

schicht ummantelt sind und die nach der Verdichtung wärmebehandelt werden, 

um eine festigkeitssteigernde Oxidschicht zu bilden. Transmissionselektronen-

mikroskopische Bilder zeigen, dass die Partikelgrenzen je nach Komplexität 

ihrer Schichten in vier verschiedene Typen klassifiziert werden können. Unter 

Verwendung eines fokussierten Ionenstrahles wurden Mikrodrucksäulen, Mik-

robiegebalken und Mikrozugproben gefertigt, mit je nur eine Grenze oder nur 

Eisenpartikeln, und in einen Nanoindenter und beim Zugversuch mit einer 

Mikrozugapparatur getestet wurden. Zusätzlich wurde die Nanoindentation so-

wohl an Partikeln als auch an Partikelgrenzen durchgeführt. Auf der Makro-

skala wurden Vierpunkt-Biegeversuche durchgeführt, um die Bruchzähigkeit 

der SMCs zu bestimmen. Alle Tests auf Mikro- und Makroskala zeigten, dass 

die Grenzfläche zwischen Partikel und Partikelgrenze kritisch für das Versa-

gen ist. Die Grenzschichten scheinen hart, aber duktil zu sein. Beispielsweise 
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zeigten die sogenannten Typ-4-Partikelgrenzen ein einzigartiges mechanisches 

Verhalten aufgrund ihrer zusätzlichen porösen Eisenoxidschicht, wodurch die 

Grenzfläche im Vergleich zu den spröden Partikelgrenzflächen der anderen 

Grenztypen duktil verformt wurde. Es wurde auch gezeigt, dass mikromecha-

nische Tests erfolgreich an komplexen Materialien wie den SMCs durchge-

führt werden können. 
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Abstract  

The use of Soft Magnetic Composites (SMC) in devices for energy conversion 

offers high magnetic permeability, high resistivity, and thus small eddy current 

losses as well as reduced weight and size of devices. These unique properties 

of the SMCs lead to new design options for 3D components, which demand a 

certain mechanical robustness of the material besides the magnetic properties 

of the SMCs.  

Typically, SMCs consist of large iron particles coated with a fairly thin inor-

ganic layer. This insulating layer leads to an increase in resistivity reducing 

eddy current losses. The iron particles dominate in a favourable manner the 

magnetic properties. The combination of soft iron particles with a brittle insu-

lating layer causes, however, a rather poor mechanical behaviour of the SMCs. 

In this work, the commercially available Somaloy 700 3P was studied, which 

consists of pure iron particles that are coated by a thin inorganic, phosphorous 

layer, and which is annealed after compaction in order to form a strength-en-

hancing oxide layer. Transmission Electron Microscopy images show that the 

boundaries can be classified into four different types according to the complex-

ity of their layers. Using focused ion beam preparation, micropillars, micro-

cantilevers, and microtensile test specimens, containing only one boundary or 

only bulk iron particles, were produced and tested by a nanoindenter and a 

microtensile test setup. Additionally, nanoindentation was performed on both 

particles and boundaries. On the macroscale, four-point bending tests were 

conducted to determine the fracture toughness of the SMCs. All tests on both 

micro- and macroscale showed that the particle-boundary interface is critical 

in terms of failure. The boundary layers seem to be hard but ductile. The type-

4 boundary showed unique mechanical behaviour due to its additional porous 

iron oxide layer making the particle-boundary interface ductile compared to 

the brittle particle-boundary interfaces of the other types of boundaries. It was 

also shown that micromechanical tests can be successfully applied on complex 

materials such as the SMCs. 
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Introduction 

In this research work, the deformation and fracture behaviour of the Soft Mag-

netic Composite (SMC) Somaloy 700 3P is analysed. SMCs consist of iron 

particles that are coated with an organic or inorganic insulating layer leading 

to low eddy current losses. The unique magnetic properties which have been 

extensively investigated in several studies lead to new design options with 3D 

flux paths. These new designs require a certain mechanical robustness of the 

components. The mechanical properties of the SMCs, hoewever, have not been 

studied as thoroughly as their magnetic properties. 

In this work, the mechanical properties were studied at different length scales. 

The methods used to characterise the material and to analyse the mechanical 

properties of Somaloy 700 3P on the micro- and macroscale will be described 

in chapter 3. The sample preparation for micromechanical testing on Somaloy 

700 3P will be explained in chapter 4. Chapter 5 will cover the material char-

acterisation of the SMC and chapter 6 and 7 will summarise the results from 

mechanical testing procedures on the micro- and macroscale. 

The material characterisation and the deformation and fracture behaviour of 

Somaloy 700 3P will be discussed in chapter 8. The challenges of the used 

micromechanical testing methods and the reliability of the tested mechanical 

properties will be evaluated in detail. 
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1 Background and State of the Art 

With the new developments in electric mobility, optimising the energy  

resources of electric vehicles by using highly efficient materials is a growing 

market. One main objective is to increase the performance density of the elec-

tric motors. This can be realised by improving and developing new machine 

designs [1]. Another option is to improve the properties of used soft magnetic 

materials or even develop new materials. With over 95 % share of soft mag-

netic materials, electric sheets are the most popular material [2]. However, the 

sheets are limited to 2D-sample geometries. Soft magnetic composites (SMCs) 

with their unique magnetic properties open up a completely new field of appli-

cations [3]. They consist of pure iron particles coated with an insulating layer 

which gives them a very high specific electric resistance and reduces the eddy 

current losses. The total losses are also lower for a specific frequency range in 

comparison to electric sheets. The hysteresis losses are higher than for electric 

sheets due to the small amount of ferromagnetic iron and the remaining stresses 

after compression. For electric machine designing, the permeability of the  

material is also of importance. SMCs show a low permeability which makes 

them suitable for a large range of applications. In addition, the combination of 

their isotropic nature and new shaping options opens up the possibility to de-

sign new 3D components [4]. Those new designs, however, may demand a 

certain mechanical robustness of the material besides the magnetic properties 

of the SMC. In terms of mechanical properties, the combination of soft iron 

particles with a brittle insulating layer causes a rather poor mechanical behav-

iour of the SMC.  
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1.1 Soft Magnetic Materials 

Magnetic materials are important for nearly every area of modern life such as 

electronics, computer and telecommunication [3]. Soft magnetic materials 

can be easily magnetised and demagnetised. The most important characteris-

tics desired for a soft magnetic material are high magnetic saturation Bs, high 

permeability, low coercivity Hc and low core losses, all of which are depicted 

in Figure 1.1 [5]. The correlation between the magnetic flux density B and the 

magnetic field strength H is described by the hysteresis curve or B-H curve. 

The permeability is given by μ = B/H. When the magnetic field strength is 

increased gradually, the domains inside the material exposed to the field get 

aligned gradually up to the point of magnetic saturation Bs when the material 

is fully magnetized. Decreasing the magnetic field strength causes hysteresis 

and when the field force equals zero, there is a residual magnetic induction 

called remanencea Br. The coercive field or coercivity Hc is needed to bring 

the flux density to zero when applying the magnetic field strength in the oppo-

site direction. By increasing the field force again, the magnetic saturation is 

reached without following the original curve, and the hysteresis loop is closed.  

The properties of soft magnetic materials depend on chemical composition and 

microstructure [3]. The saturation induction rate depends on the chemical com-

position. Coercivity, remanence and permeability depend on the microstruc-

ture of the soft magnetic material. As cold deformation, heat treatment, grain 

sizes and impurities strongly influence the microstructure, the magnetic prop-

erties are influenced in the same way [6]. There are interactions of the micro-

structure and stresses (dislocations, grain boundaries, segregations, etc.) with 

the magnetic structure (domains and Bloch walls) [7]. 
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Figure 1.1: B-H curve of a soft magnetic material [5]. 

Core losses are a result of an alternating magnetic field in a core material. The 

core loss density is a function of total flux swing and the operating frequency. 

Hysteresis, eddy current and residual losses contribute to the core loss [8]. Hys-

teresis loss and eddy current losses depend on the frequency. The hysteresis 

loss can be determined from the area of the hysteresis loop. The eddy current 

losses are inversely proportional to the electrical resistivity of the material  

and vary with the eddy current path length (powder particle size in powder 

cores) [6]. 
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1.2 Soft Magnetic Composites 

Pure iron and its alloys (e.g. iron-silicon alloys, iron-aluminum-silicon alloys 

and nickel-iron alloys) as well as soft and hard ferrites (e.g. manganese–zinc 

and barium ferrites) were mainly used as laminated sheets in cores of electric 

machines. In order to improve the magnetic properties of these machines, not 

only new designs were developed but processing, properties and the effect of 

additives of the used materials were also investigated. Besides the improve-

ments with traditional materials, new materials such as amorphous and nano-

crystalline materials and soft magnetic composites were developed. Detailed 

overviews are given in [3, 9]. The most common characteristics taken into ac-

count during a design process for a core for an industrial electrical machine 

are: magnetic saturation, coercivity, permeability, iron losses (magnetic 

losses), magnetostriction (noise), delivery (forms, fully processed, semi-pro-

cessed), market availability (supply, including geopolitical issues) and price 

[9]. Considering the first two characteristics, Figure 1.2 shows the magnetic 

saturation flux density versus magnetic coercivity for a wide range of soft mag-

netic materials including crystalline, amorphous and nanocrystalline materials 

as well as composites [9]. The magnetic saturation determines the possible 

power density of electrical machines whereas the coercivity determines the 

hysteresis behaviour. The presented materials cover a wide range of magnetic 

properties allowing applications in many fields.  

Soft Magnetic Composites consist of ferromagnetic particles that are coated 

with an insulator (see Figure 1.3) [10]. There are different variations of parti-

cles and insulators that are powder metallurgically processed to a complex 

composite material. Pure Fe powder, iron-alloys with e.g. Ni, Co, Si, as well 

as amorphous and nanocrystalline materials, e.g. Vitroperm, are common ma-

terials for the powder particles [4, 11]. Coatings of the particles are generally 

divided into two categories: organic and inorganic coatings [3]. Inorganic coat-

ings are e.g. zinc, iron or manganese phosphates, metallic oxides, and sul-

phates. Organic coatings are divided into thermoplastic or thermosetting resin 

coatings. There are also hybrid inorganic-organic coatings [12-14]. A common 

commercially available SMC is the Somaloy family which is described in sec-

tion 1.2.3. 
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Figure 1.2: Magnetic saturation flux density versus magnetic coercivity for a wide range of soft 

magnetic materials including crystalline, amorphous and nanocrystalline materials 

as well as composites [9]. 

 

Figure 1.3:  Schematic diagram of a SMC with iron powder particles and an insulating  

coating [10]. 
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1.2.1 Properties 

The unique electromagnetic properties of the SMCs – high resistivity and thus 

low eddy current loss following a relatively low total core loss at low to high 

frequencies – make them suitable for high frequency applications. They are 

also magnetically and thermally isotropic, have a large anisotropy constant, a 

high remanent magnetization, a high eddy current temperature and a low coer-

civity [3]. They also show high magnetic permeability which is, however, 

lower than in electrical sheets because of the porous microstructure of the 

SMCs [15, 16]. A further advantage of the SMCs compared to the laminated 

sheets is the possibility of 3D flux paths. The powder metallurgical processing 

of the SMCs leads, on the one hand, to a reduction in weight and size, but on 

the other hand, to limited sizes and shapes for cores [3, 16]. The particles of 

the SMCs are usually strongly cold-worked during compaction. In [17], the 

stress state of the particles at different annealing temperatures was investigated 

for Somaloy 500 and in [18], the general effect of a thermal treatment on insu-

lated powder systems was analysed. Both studies, however, come to the gen-

eral statement that increasing the annealing temperature leads to increasing  

recovery in the particles. Due to the powder metallurgical processing of the 

SMCs, their mechanical strength is generally lower than that of laminated mag-

netic materials [19-21]. The electromagnetic and mechanical properties depend 

on not only the chosen powder but also on the added lubricant or binder and 

the compaction process [16]. The additives determine the maximum tempera-

ture for the heat treatment. The SMCs are not sintered because the dynamic 

losses would increase rapidly with frequency [16]. Increasing the heat treat-

ment temperature and reducing the amount of additives leads to improved mag-

netic properties but also to a lower strength of the SMCs [16]. The Ashby-

Diagram in Figure 1.4 shows the tensile strength versus the fracture toughness 

of different traditional soft magnetic materials and SMC. While all other  

materials cover a wide range of properties, the SMCs are in the lower left cor-

ner providing a huge potential for improvement considering their mechanical 

properties.  
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Figure 1.4: Ashby Diagram showing fracture toughness vs. tensile strength of different tradi-

tional soft magnetic materials and SMC [22]. 

1.2.2 Applications 

In general, the applications of soft magnetic materials can be divided into  

alternating current (AC) and direct current (DC) applications as well as low 

and high frequency applications. For DC applications, permeability, coercive 

force and saturation induction are the most relevant magnetic characteristics. 

For example, a brushless DC motor can be realised [16, 23] (see Figure 1.5a). 

For AC applications, parameters such as permeability, saturation and total core 

loss are the key magnetic characteristics. In particular for AC applications, the 

possibility to have a 3D-flux path can be used for new machine designs, e.g. 

flux machines, tubular flux machines and claw pole rotor machines [24] (see 

Figure 1.5b). For the claw pole rotor machines and also for axial flux motors, 

the application of SMCs can reduce the eddy current losses [25]. 
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Figure 1.5: a) Brushless DC motor [23], b) claw pole motor [24]. 
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1.2.3 Somaloy  

The Somaloy family are commercially available SMCs from Höganäs AB, 

Sweden. They all consist of water-atomised pure iron particles with an inor-

ganic, phosphorous coating but differ in their heat treatments leading to differ-

ent magnetic and mechanical properties. The iron particles are first pressed and 

then heat-treated in air, water or nitrogen. The selected atmosphere results in 

different particle boundaries [16, 26]. Table 1.1 summarises magnetic and  

mechanical properties of different members of the Somaloy family. The high 

resistivity of Somaloy 700 1P and 700 3P indicates low eddy current losses. 

Varying the compaction pressure and atmosphere results in a higher transverse 

rupture strength (TRS) of 125 and 140 MPa of Somaloy 700 3P and 1000 3P, 

respectively, compared to the low 40 and 50 MPa of Somaloy 700 1P and  

Somaloy 500 1P, respectively. The magnetic flux density as well as the per-

meability increase from Somaloy 500 1P to 1000 3P. [26] In addition, the pure 

iron particles are ductile, whereas the phosphorous coating is brittle. This com-

bination typically results in rather poor mechanical behaviour.  

Somaloy 500 1P contains a binder and has a mean particle size of about 100 μm 

[27]. It is generally pressed at 800 MPa and then heat treated at 500°C in air. 

Somaloy 500 1P contains a phosphorous layer of ~20-30 nm thickness [28, 

29]. The macroscopic mechanical properties have already been investigated in 

several studies. With a TRS of 40-50 MPa, the strength of this material is quite 

low compared to other core materials [26, 30]. The microhardness of the ma-

terial shows an increasing hardness at increasing densities with a maximum of 

80-100 HV. Nanoindentation of individual particles gave a hardness of about 

1.5 GPa - 2 GPa. [17, 31] The fracture toughness of the material is about  

1.8 - 2.1 MPa√m [32]. 
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Table 1.1:  Magnetic and mechanical properties of the Somaloy SMCs and their applications [26]. 
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The mean particle size of Somaloy 700 3P is larger than that of Somaloy 500 

[12]. There have been several studies analysing the influence of the particle 

sizes on the mechanical and magnetic properties [33, 34]. Somaloy 700 3P is 

generally pressed uniaxially at a pressure of 800 MPa. The compacted speci-

men is annealed at 530°C under water vapour. The water vapour causes the 

formation of an additional iron oxide layer between the particles. Figure 1.6 

shows a model of the complex boundary layers of Somaloy 700 HR-3P. There 

is an iron oxide layer at the particle interface and a phosphorous layer in the 

middle. The phosphorous layer can also appear as a thin layer between two 

iron oxide layers. At different annealing temperatures, the phosphorous layer 

is either amorphous (530 °C) or crystalline (700 °C) [33]. 

 

Figure 1.6: Model of the particle boundary of Somaloy 700HR- 3P [33]. a) An annealing tem-

perature of 530°C results in an amorphous phosphorous layer which can be either 

in the middle of an iron oxide layer or between two iron oxide layers. b) An an-

nealing temperature of 700 °C results in a crystalline phosphorous layer. 

The chemical composition of the particles and boundaries of Somaloy 700 HR-

3P was analysed by Scanning Transmission Electron Microscope (STEM) and 

Energy Dispersive X-Ray (EDX) spectroscopy. Figure 1.7a shows an STEM 

micrograph of the complex boundary of Somaloy 700HR-3P annealed at 

530°C [33]. The EDX line scan in Figure 1.7b shows that the iron particle itself 

is pure iron, the first layer contains iron oxide and the middle layer contains 

phosphorous. The additional iron oxide layers of Somaloy 700 3P were shown 

to improve the overall mechanical properties [12, 26, 35]. 
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Figure 1.7:  a) STEM image of a Somaloy 700HR-3P boundary annealed at 530°C, b) EDX line 

profile of the boundary [33]. 
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Figure 1.8 shows an Electron Backscatter Diffraction (EBSD) image of  

Somaloy 700HR-3P. The boundaries could not be resolved but there is a clear 

misorientation in the particles. The iron particles are strongly cold-worked dur-

ing compression. The heat treatment at 530°C did not lead to a full recovery 

which is shown by the remaining misorientation in the EBSD scan [33]. 

 

 

Figure 1.8: EBSD image of Somaloy 700HR-3P with clear misorientations in the particles. The 

boundary layer could not be resolved [33]. 
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At the macroscale, some mechanical properties of Somaloy 700 3P were  

investigated. Figure 1.9 shows the strong tension-compression asymmetry of  

Somaloy 700 3P. The density of the material influences the compressive 

strength but not the tensile strength. The compressive strength is more than 

three times higher than the tensile strength. [35] Other studies show similar 

values for the TRS of 29-30MPa and the yield strength of 264-279 MPa [34]. 

The low compressive strength indicates a brittle behaviour of the material 

whereas the SMCs show a rather deformable behaviour under compression. 

The Brinell Hardness of Somaloy 700 3P is 91-107 HB [34], indicating a soft 

material. 

 

Figure 1.9:  Stress-strain diagram for tension and compression of Somaloy 700 3P. There is a 

clear tension-compression asymmetry. The density of the material influences only 

the compressive strength [35]. 

1.3 Micromechanical Testing Methods 

In the fast growing market of miniaturised technological systems, such as micro-

electro-mechanical systems (MEMS) or medical and microelectronic devices, 

the structural elements are more and more in the range of a few tens of  
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nanometres up to a few hundreds of microns. The dimensions of conventional 

mechanical testing are too large to test these small scale devices and novel 

techniques are required to determine the properties at this scale. Not only in 

terms of industrial applications but also in the bio-medical area, small scale 

testing methods are in high demand. In addition, there is a resulting demand 

for a better fundamental understanding of materials properties in small dimen-

sions. “Smaller is stronger” is one of the phenomena that has been investigated 

[36]. Metallic thin films, for example, show higher strengths compared to their 

bulk counterparts because the dislocations are restricted within the film in pres-

ence of the substrate [37]. Nanoindentation has become a powerful method for 

small-scale testing [38-40]. In addition, new test geometries have been devel-

oped exploiting the high-resolution force and displacement measurement  

capabilities of the nanoindenter, thereby allowing the investigation of the  

mechanical properties in compression, tension, bending, shear as well as  

fatigue and fracture toughness testing at the micro and nanoscales. [41] 

1.3.1 Nanoindentation 

One of the most frequently used techniques for small-scale testing of mechan-

ical properties is nanoindentation. There are many advantages to use this tech-

nique: it can be applied to a large range of materials, it only requires a smooth 

surface, which makes sample preparation in principle easy, it is an easy and 

straightforward technique, and it is considered to be non-destructive as the in-

dentation depths are in the nanometre and micron range.  

The principal components of a nanoindenter are the indenter tip, the actuators 

and sensors, respectively [42]. When pressing the indenter tip into the surface 

of the tested materials, the mechanical load and displacement are applied and 

recorded by the sensors and actuators. Different commercially available setups 

are described in [43]. Recently, a number of setups for in-situ testing inside the 

Scanning Electron Microscope (SEM) or Transmission Electron Microscope 

(TEM) have been developed [44, 45].  

Nanoindentation testing can be performed quasi-statically or dynamically. In 

quasi-static testing, the load is applied, held for a certain amount of time and 
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then removed. The contact stiffness, which is needed to determine modulus 

and hardness of the material, is then determined from the unloading data. In 

dynamic testing, a small amplitude force oscillation is superimposed at a rela-

tively high frequency onto the quasi-static load signal, and the displacement 

response is measured [43, 46]. This method allows the continuous determina-

tion of the contact stiffness during loading.  

From the typical load-displacement curve as shown in Figure 1.10 material 

characteristics such as hardness and Young’s modulus can be obtained by  

using the slope of the elastic unloading region (dP/dh). The detailed analysis 

in described in [47].  

 
Figure 1.10:  Typical load-displacement curve [47]. 

The indenter tip should be made of a material with at least 20% higher hardness 

than the tested material [48]. Diamond as the hardest material is commonly 

used for indenter tips. However, at elevated temperatures, other materials such 

as boron nitride are preferred [48]. There are many shapes of indenters and 

their applications depend on the tested material and the mechanical properties 

to be determined. [49] The most commonly used tip is a Berkovich tip with a 
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triangular pyramidal shape. Cube Corner and Vickers tips are used to deter-

mine the fracture toughness. Spherical tips are used to determine yielding and 

work hardening. Flat punches and conical flat punches are preferably used  

for polymers and bio-materials to determine storage modulus and loss mod- 

ulus [50].  

Not only Young’s modulus and hardness can be determined but also several 

other material characteristics such as yield strength, creep behaviour or fracture 

toughness [51, 52]. Scratch or wear tests can also be performed [52-54]. Fur-

thermore, the nanoindenter can even be used as a scanning probe to determine 

surface topography or can be combined with an atomic force microscope [55, 

56]. With suitable heating and cooling stages, temperature-dependent testing 

is also possible [57].  

1.3.2 Microcompression Tests 

Besides nanoindentation, microcompression testing is also a popular method 

for small scale testing. Figure 1.11 shows the setup of a microcompression test. 

A pillar made from the bulk material is compressed by the flattened indenter. 

The indenter tips can be a Berkovich or a cone tip that are truncated [58]. The 

advantage compared to the indentation methodology is the relatively uniform 

and uniaxial deformation [59]. The tests can be carried out ex-situ in a 

nanoindenter or in-situ in an SEM. The advantage of in-situ experiments is that 

the evolving mechanisms during compression can be observed. Ex-situ exper-

iments, though, are easier to perform.  

The micropillars can be produced by different methods e.g. focussed ion beam 

(FIB)-milling, inductively coupled plasma (ICP) etching or electroplating. 

FIB-milling is a commonly used technique to fabricate small-scale specimens 

with a focussed Gallium ion beam. There is, however, a vivid discussion about 

the influence of Gallium contamination on the mechanical properties of the 

specimens. [59, 60] The top surface of the compressed volume can be circular, 

square or rectangular, and sizes range from a couple hundred nanometres to 

tens of microns in diameter. The fabrication time also varies between hours 

and days depending on size and material. There are two methods for fabricating 
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pillars that can be differentiated by the direction of the ion beam to the sample 

surface. In the first method, the orientation of the ion beam is perpendicular to 

the sample surface. The pillars are easy to fabricate and can have square shaped 

or circular top surfaces. However, the pillars show some taper of about 2° to 

5°, meaning that the top area is smaller than the bottom area. There are methods 

to avoid or reduce the taper by tilting the sample by several degrees, as done 

in the lathe milling in which the ion beam is at angle to the sample surface [61]. 

It is a time-consuming method but it leads to a controlled aspect ratio and  

diameter of the micropillars.  

 

Figure 1.11:  Schematic of a micropillar compression test adapted from [62]. 

As the microcompression test is not standardised, there are several aspects that 

have to be considered: i) the aspect ratio of the micropillars (the ratio of height 

to diameter of the micropillar), ii) the influence of the substrate / material be-

low the pillar as the substrate has a certain stiffness and, thus, there will be a 
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certain sink in of the pillar during compression, iii) the taper angle of the mi-

cropillar which leads to a non-uniform applied stress field within the pillar, iv) 

the missing control of the friction between the indenter and the micropillar and 

v) the misalignment between the compression direction and the micropillar 

axis. [59, 63]  

The deformation mechanisms at all length scales as well as extrinsic and in-

trinsic size effects have been intensively studied with this microcompression 

testing. First, single-crystalline materials were used to understand fundamental 

mechanisms, but soon also more complex materials were used such as iso-

tropic, anisotropic and nano-structured materials. Microcompression has also 

been used on MEMS structures as their testing volume is too small for conven-

tional compression tests. [59, 63] 

1.3.3 Microcantilever Bending Tests 

The nanoindenter cannot only be used for indentation and compression testing 

but also for bending testing. A Berkovich or wedge tip is used to apply a point 

or line load on a microcantilever. The tip mechanically bends the cantilever 

while load and deflection are monitored. Not only Young’s modulus and yield 

strength can be obtained but also fracture toughness if a crack is induced in the 

cantilever [64, 65]. As for the other small-scale tests, there is also the possibil-

ity for in-situ testing within an SEM [66]. 

The fabrication of microcantilevers requires more effort compared to micropil-

lars. The cantilevers can be etched but the dimensional control is difficult. An-

other possibility is to use FIB-milling. Cantilevers can be fabricated either at 

the edge or in the bulk of the sample. Fabricating at the edge of a sample has 

the advantage that cantilevers with a rectangular cross section can be easily 

processed. However, it requires a very smooth sample edge (see Figure 1.12a) 

[67]. In contrast to cantilevers with a rectangular cross section, cantilevers with 

a pentagonal or triangular cross section can be placed at any position on the 

surface making this method suitable for e.g. anisotropy studies [68]. These 

cantilevers are produced by tilting the sample and, thus, removing the material 

underneath the cantilever (see Figure 1.12b and c) [68, 69]. Single crystalline 
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materials and in particular single grains, selected grains or grain boundaries of 

polycrystalline materials have been investigated [68].  

 

Figure 1.12:  Different types of microcantilevers : a) Cantilevers with a rectangular cross section 

at the edge of a sample [67], b) Cantilever with a pentagonal cross section [69] and 

c) Cantilever with a triangular cross section [68]. 
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1.3.4 Microtensile Tests 

In microtensile tests, the load is applied uniaxially and the resulting defor-

mation is nominally uniform, which makes data interpretation straightforward. 

[70] Specimen sizes can vary from several millimetres to tens of nanometres. 

For fabricating tensile test specimens, there are different possible preparation 

routes depending on the size of the sample. For larger scale sample, the prep-

aration routes are presented in [71]. Many tensile test samples on the micro or 

nanoscale need support structures whereas free-standing specimens, e.g. nano-

wires or whiskers, are either processed by e.g. etching or FIB-milling [72]. 

Support structures can be prepared by microfabrication or MEMS processing 

with both additive and subtractive methods [73]. Another method is to use thin 

film materials [74]. Thin platelets were cut out from the tested material and 

were thinned down to approximately 20 μm by mechanical polishing and ion 

beam polishing. Next, the gauge section was prepared by FIB-machining (see 

Figure 1.13b).  

The tests can be performed ex-situ or in-situ in an SEM or a TEM. There are 

different setups for ex-situ testing depending on the sample size. For samples 

in the millimetre range, the samples can be gripped, whereas for smaller scale 

samples they may be glued. A setup with grips in which the sample can self-

align was developed in [75]. There are also systems directly using On-Chip 

tensile testing setups [76]. Nano-sized materials like gold nano-wires can be 

tested in-situ in an SEM or a TEM [77-79]. A micro-gluing grip uses instant 

glue to fix the micro-sized specimens [74, 80-83]. The tensile load could be 

applied by piezoelectric actuators and measured by a load cell. The elongation 

was measured by gauge mark displacement. The micro-sized specimens were 

fixed to the testing system by an instant glue (see Figure 1.13) [70].  

Applications of tensile tests are versatile. Biological materials can be analysed 

to investigate the mechanical properties of the hierarchical structures of those 

materials [84]. Other examples are the investigation of the size-dependent 

behaviour in single-crystalline copper [85] or the determination of deformation 

mechanisms in single-crystalline metals [72]. 
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Figure 1.13:  Microtensile test sample for a micro-glue tensile test [80]: a) Dimensions of the 

specimen, b) SEM image of the FIB-milled specimen. 

1.4 Theory and Methods of Fracture 

Toughness Testing at Different Scales 

Real materials are never defect-free. Cracks are particularly important defects 

as they cause stress concentrations in the material and can lead to an uncon-

trolled failure of the device. The material deformation behaviour can be  

described as being linear elastic, nonlinear elastic, or elastic-plastic. The linear 

elastic fracture mechanics (LEFM) assumes a purely linear elastic deformation 

behaviour and an ideally sharp crack tip with an infinitely high stress concen-

tration at the tip. Irwin introduced a K-factor to describe the intensity of an 

elastic crack-tip field [86]. In real materials, however, a plastic zone forms at 

the crack tip and the LEFM is not valid anymore. In this case, the J-integral 

was proposed by Rice to characterise the intensity of the elastic-plastic crack-

tip field [87]. The fracture behaviour correlated with the micro-mechanism of 

fracture being described as ductile or brittle. For brittle fracture, the LEFM 

applies and K-factors are used whereas in the case of ductile fracture, the  



1.4  Theory and Methods of Fracture Toughness Testing at Different Scales 

23 

J-integral for elastic-plastic behaviour is used. There are also methods consid-

ering a ductile-brittle transition fracture. Compared to metals, ceramics require 

a different approach due to their brittle nature. In the following, the procedure 

for ceramics will be discussed. The stress intensity factor K is given by: 

a
W

a
fK 








 

  (1.1) 

where 𝑓 (
𝑎

𝑊
) is a geometry factor, σ is the stress and a is the characteristic size 

of a defect. Samples with different flaw sizes will lead to a scatter in the frac-

ture strength. Thus, the thickness, size and shape of the testing sample as well 

as the material density and surface finish have a strong effect on the evaluation 

of the fracture toughness.  

These effects are accounted for by using the LEFM approach as shown in equa-

tion 2: 

c

C
c

aY

K


 1

  (1.2) 

where σc is the critical stress, ac the critical defect size and K1C is the fracture 

toughness of the tested material. When comparing the different possible testing 

methods, e.g. tensile testing and three- and four-point bending, the flexural 

strength obtained in tension could be significantly lower than in three-point 

bending. Similarly, the flexural strength from a three-point bending test could 

be higher compared to a four-point bending test because the critical defect may 

not be located at the maximum bending moment. Standard terminology relat-

ing to fracture toughness testing and its evaluation has therefore been defined 

by the American Society for Testing and Materials (ASTM) as well as by the 

German Institute for Standardisation (DIN) [88, 89] describing e.g. sample ge-

ometries, testing procedures and equations. [90, 91] 
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At the microscale, the measurement of the fracture toughness is difficult due 

to the size of the samples. Particularly when testing thin films, a simple 

downscaling of macroscopic test methods is not easy to implement. However, 

there are several methods to determine the fracture toughness [52]. A more 

classical approach is to use nanoindentation with a sharp pyramidal indenter. 

Another method is to use simple compression experiments with test structures 

of a specific geometry, i.e. a pre-notched double cantilever [92]. In the splitting 

pillar experiment, there is no need to measure the crack length or fracture sur-

faces, which makes it attractive for fracture toughness measurements of thin 

film and small-scale devices [93]. A classical cantilever with a predefined 

notch can also be used [64, 65]. For nanoindentation, smooth surfaces are 

needed. Pillars, double-cantilevers and cantilevers are commonly milled using 

a FIB system. Detailed information about the fabrication of the test structures 

is given in the previous sections. Not only thin films are tested but the fracture 

toughness of biomaterials, such as dental enamel, can also be determined [65]. 

Another example is to measure the fracture toughness of individual grain 

boundaries in bismuth embrittled copper with pre-notched triangular shaped 

cantilevers [69]. 
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2 Objectives 

In this research work, there are two main objectives: i) the mechanical charac-

terisation of the SMC and ii) to apply micromechanical testing methodologies 

to a complex, technologically relevant material. The SMC used in this work is 

a commercially available Somaloy 700 3P. It consists of pure iron particles that 

are coated with an insulating phosphorous layer. The powder is compressed at 

800 MPa and annealed at 530 °C under water-vapour. The water vapour causes 

a strength-enhancing additional iron oxide layer which has not been investi-

gated in detail. The aim of this research work is to understand the importance 

of the layers and to find an explanation for the overall improved mechanical 

properties of the Somaloy 700 3P. For this, the boundary has to be character-

ised in detail by means of LM, SEM, TEM, EBSD and EDX as well as quan-

titative microstructural analysis. The mechanical properties of the boundaries 

as well as the particles are determined by micromechanical testing methods i.e. 

nanoindentation, microcompression, microcantilever bending and microtensile 

testing. To complete the material analysis, macroscopic four-point bending 

tests were also performed to determine the fracture behaviour. The influence 

of the boundaries on the macroscopic and microscopic mechanical behaviour 

was investigated. The mentioned micromechanical testing methods are often 

applied to model materials with defined properties, i.e. defined crystal orienta-

tions, single-crystalline state or a defined grain boundary. Applying them now 

to a commercially available complex composite material leads to the question 

of sample preparation, practicability, reliability and limits of the test methods. 





 

27 

3 Experimental Details 

3.1 Somaloy 3P 700 

Somaloy is a commercial powder metal from Höganäs AB, Sweden. The par-

ticles are formed by water-atomisation: a stream of molten pure iron enters an 

atmosphere resulting in the formation of small iron particles. The particle 

shape is determined by the impact media, i.e. in the case of Somaloy, water – 

giving its particles their irregular shape. The iron particles are then coated 

chemically with an inorganic, phosphorous layer (Somaloy 500) and in case of 

Somaloy 700 an additional binder layer. [94] Somaloy 700 3P is a so called 

“mesh 40” powder indicating the particle size of below 425 μm. The particle 

size distribution is given in Table 3.1 [12]. From a mechanical point of view, 

the pure iron is soft, whereas the phosphorous layer is brittle. This results in a 

combination of soft and brittle material characteristics. 

Table 3.1:  Particle size distribution of Somaloy 700 3P [12] 

Particle Size 

[μm ] 

Percentage 

[%] 

0 – 75 3 

75 – 150 29 

150 – 212 29 

212 – 425 39 

425 0 

 

The samples used in this work were all made from Somaloy 700 3P. The sam-

ples were fabricated at Höganäs AB, Sweden, as prismatic LTRS (Long TRS) 

bars of dimensions 90 mm x 12 mm x 3 mm with rounded corners with a radius 

of about 2 mm (see Figure 3.1a). They were uniaxially pressed at 800 MPa up 

to a density of 7.6 g/cm3 and then annealed at 530 °C in water vapour. The 

vapour treatment led to additional iron oxide layers in the material. Somaloy 
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500 and 700 1P did not form these additional layers because they were an-

nealed in air resulting in a lower TRS (see Table 3.2) [12, 26].  

Table 3.2:  Mechanical properties of Somaloy 500 1P and 700 3P for different processing  

parameters. [95] 

 Somaloy 

500 1P 

Somaloy 

500 1P 

Somaloy 

700 3P 

Somaloy 

700 3P 

Additive 0.5% 

Kenolube 

0.5% 

Kenolube 

0.3% 

3P Lube 

0.3% 

3P Lube 

Compaction 

Pressure 

Die temperature 

 

600 MPa 

RT 

 

800 MPa 

RT 

 

600 MPa 

80°C 

 

800 MPa 

80°C 

Heat treatment 

Atmosphere 

Temperature 

 

Air 

500°C 

 

Air 

500°C 

 

Steam 

530°C 

 

Steam 

530°C 

Transverse  

Rupture Strength 

(TRS) 

55 / 55 50 /50 130 / 130 125 / 125 

Tensile Strength/ 

Yield strength 
15 / 15 15/15 65/65 65 / 65 

Compressive 

Strength / Yield 
250 / 180 310 /220 350 / 260 550 / 280 

Young’s modulus 120 110 190 190 

 

In order to vary the degree of oxidation, the thickness of the LTRS samples 

was increased to 9 mm (see Figure 3.1b). The density was also 7.6 g/cm3. Dur-

ing annealing, the atmosphere and the temperature were kept constant, while 

the processing time was varied in order to obtain different oxidation gradients. 

For fully oxidised SMCs, the samples were kept longer inside the oven result-

ing into a full oxidation of the whole samples. Partially oxidised samples were 

kept in the oven for a shorter time and thus had a different boundary type dis-

tribution including a core region without any oxidation. 
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Figure 3.1: a) LTRS samples made of Somaloy 700 3P, b) TRS samples of 9 mm thickness 

made from Somaloy 700 3P under two different annealing conditions.  

3.2 Metallographic Preparation  

3.2.1 Sectioning and Mounting 

Sectioning induces the most severe damage during specimen preparation. 

However, this damage can be minimised by using a hard abrasive wheel with-

out any coolant. The specimens were first cleaned and then fixed on electron 

microscopy stubs with heat resistant glue (M-Bond 610, Vishay Precision 

Group). After that, the stubs were mounted directly onto a nanoindentation 

specimen holder which was put upright into a silicone mould. Next, resin 

(EpoThin 2, Buehler GmbH, Düsseldorf, Germany) was poured into the sili-

cone mould until it completely covered the specimen and the holders. Then, the 

mould was put into a vacuum chamber (-0.8 bar) for 30 min (impregnation 

system, ATM, Mammelzen, Germany). Infiltration of the macro-pores with 

resin prevents any breakouts of the material and an accumulation of dirt in the 

pores during further preparation steps. After the resin had been cured, the 

mould was removed. Finally, after polishing, the resin was removed by heating 

the specimen to 125°C for 15 min in a heating cabinet. The resin softens at this 

temperature and can be removed mechanically. [41] 
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3.2.2 Grinding and Polishing  

Table 3.3 lists all the preparation steps including the grinding papers, suspen-

sions and cloths used. Grinding and polishing were performed on a Saphir 520 

(ATM, Mammelzen, Germany). As the samples had been mounted upright, 

step 1 was to remove the resin still covering the surface. Additional grinding 

was required in order to remove the sectioning damage and to produce a pla-

nar surface. Silicon carbide (SiC) grinding papers from different suppliers 

were used (ATM, Mammelzen, Germany, Buehler GmbH, Düsseldorf,  

Germany or Cloeren Technology GmbH, Wegberg, Germany) with water as 

the lubricant in all grinding steps. From step 2 onwards, a specialized speci-

men holder (specimen holder M, Heraeus Kulzer, Wehrheim, Germany) was 

used to simplify the specimen handling. The recommended handling instruc-

tions distributed by the supplier, which describe fixing the specimens in the 

holder, did not work for our specimens. Thus, the specimens were only inserted 

into the holder without fixing them. After grinding (steps 2-4), the pores of the 

SMCs were almost completely smeared. The following difficulties needed to be 

handled during the next preparation steps: (i) all pores except for the macro-

pores had to be opened, (ii) the soft and brittle components required different 

polishing procedures and (iii) the pure iron corroded easily. Two different 

cloths were used for polishing, a satin woven acetate cloth (MD-DAC, Struers) 

and a short nap, soft synthetic cloth (Zeta, ATM, Mammelzen, Germany), 

which abraded the brittle component and reduce damage from the brittle rem-

nants in the soft component. Oil-based diamond suspensions (3 μm and 1 μm 

grain size, ATM, Mammelzen, Germany) and alcohol-based (0.25 μm grain 

size, microdiamant, Germany) prevented the corrosion of the SMC. The lubri-

cant used was water and oil-based (DP-Lubricant Red, Struers, Erkrath,  

Germany). For steps 5-7, a squeeze bottle was used keeping the cloth moistur-

ized at all times. Another approach for the final mechanical polishing step was 

an alumina-based fine-grained suspension (Eposal, ATM, Mammelzen,  

Germany) on a neoprene cloth (MD-Chem, Struers, Erkrath, Germany) (step 

7b). All steps were performed at 150 rotations per minute (rpm). [41] 
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Table 3.3:  Grinding and polishing steps with corresponding cloths, suspensions and lubricants 

for the mechanical polishing preparation of the SMCs [41]. 
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3.3 Ion beam Polishing 

Ion beam polishing was carried out in vacuum (2 x 10-4 mbar) using a triple 

ion beam cutter TIC 3X (Leica Microsystems, Vienna, Austria). We used a  

rotary stage for planar polishing. The specimen was moved laterally just below 

the cross-over point of the ion beams, while at the same time the specimen 

holder was rotated. In order to achieve homogeneous results, the specimen 

surface had to be well-aligned with the plane of rotation. Depending on the 

incident angle, different levels of material removal can be accomplished. Inci-

dent angles of 10°–15° promote the ablation of material, while angles of  

3°–5° are used to obtain smooth surfaces. As reported in [96-100], ion beam 

polishing facilitates the preparation of complex materials; preparation arte-

facts and deformation can in principle be eliminated over a large surface area 

by using crossed Argon ion beams. The ion beam polishing was combined  

with different mechanical polishing procedures. The parameters are listed in 

Table 3.4. [41] 

3.4 Light Microscopy  

A reflecting light microscope Eclipse LV150N (Nikon, Tokyo, Japan) was 

used to control the individual metallographic preparation steps. Dark field  

microscopy was used to detect polishing scratches and possible material 

breakouts as well as to control the cleaning state of the samples. In dark field 

microscopy, the central light used in bright field microscopy is blocked [101]. 

A condenser forms a hollow cone with light travelling around the cone rather 

than through it. This way, only oblique rays of light strike the sample. The 

image is formed by rays scattered by the sample and captured in the objective 

lens. Contrast is created by bright outlines on a dark background. Edges, bound- 

aries and scratches appear bright. In contrast, the fracture surfaces were imaged 

by bright field microscopy in which the central light is used for imaging.  
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Table 3.4:  Parameters used for ion beam polishing in combination with different mechanical 

surface preparations. Procedures A-E describe planar polishing with a rotary stage; 

CS-1 and CS-2 describe cross-sectional ion beam polishing [41]. 
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3.5 Quantitative Microstructural Analysis 

The point count method described in ASTM 562 [102] was used to determine 

the fractions of types of particle boundaries in fully and partially oxidised 

SMCs. Images were taken in the SEM (Helios Nanolab 650 Dual Beam,  

FEI Company, Hillsboro, OR, USA). Roughly 120 images were needed to 

cover the complete width of the specimen. The resolution of the images was 

chosen in a way that the types of particle boundaries can be identified. A rec-

tangular grid of 20 x 30 points was laid onto each individual image taken and 

the intersections with the points and the particle boundaries were counted (see 

Figure 3.2).  

 

Figure 3.2: For the point count method, a grid of 30 x 20 points was laid on an SEM image of 

the SMCs. The red points are the intersections with the particle boundaries. Then, 

the type of boundary was classified. 
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3.6 Electron Backscatter Diffraction (EBSD)  

Electron Backscatter Diffraction (EBSD) is a powerful characterisation tool 

to analyse grain orientations, internal textures in grains or phase identifica-

tion. In case of the SMCs, the internal structure of the iron particles was ana-

lysed and EBSD was applied during the preparation procedure for microten-

sile test specimens (see section 3.11). An FIB/SEM dual beam microscope 

(JIB-4601F, JEOL, Japan) equipped with an EBSD system (TSL DVC5) was 

used. The sample is tilted to 70° from horizontal or mounted on a pre-tilted 

EBSD holder. The scattered electrons hit a phosphorous screen resulting in a 

specific fluorescent pattern. A camera and optics system then detects the pat-

tern formed on the screen. The orientation was determined using automated 

beam scanning, with step sizes of 0.2 and 4 μm at an acceleration voltage of 

20 kV. The EBSD analysis was carried out using the TexSEM Laboratories 

orientation imaging microscopy (OIM) software (v7.1.0). A clean-up proce-

dure was applied to all EBSD images to adjust single points with misorienta-

tions of more than 5° to their neighbours. [41] 

3.7 Electron Microscopy and Focused 

Ion Beam Milling 

Different DualBeam® microscopes combining scanning electron microscopy 

(SEM) and focussed ion beam (FIB) were used for imaging and cutting cross 

sections: a Nova NanoLab 200, a Helios NanoLab 650 and a Scios (FEI Com-

pany, Hillsboro, Oregon, USA). Some of the ion beam polished images were 

taken with a Zeiss Supra 55 (Zeiss AG, Oberkochen, Germany). [41] TEM  

lamellas are prepared by FIB milling in the Nanolab 200 and 650 according to 

the Lift-Out Method [103]. This method requires a micromanipulator to lift out 

the FIB-milled TEM lamella: in the Nanolab 200 it was a Kleindiek MM3 and 

in the Nanolab 650 an OmniProbe 100. The microcompression and microcan-

tilever samples were prepared using a focused ion beam (FIB) platform (Helios 

Nanolab 650 Dual Beam, FEI Company, Hillsboro, OR, USA). Pillars and mi-

crocantilevers with and without particle boundaries were machined in multi-
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step processes. The pillars had square cross sections of 5 μm x 5 μm and a 

height of about 20 μm. Prior to FIB-machining, a thin protective Pt layer was 

deposited using electron-beam-assisted deposition. Then, trenches were cut at 

65 nA around the Pt square defining the size of the pillar cross section. Next, 

the actual pillar shape was cut at 9 nA beam current. The final milling step 

was performed at 0.7 nA. The taper angle was in the range of 0.6 - 2.4 °. The 

aspect ratio – pillar height divided by width – was 2.8 - 4.8 to minimize triaxial 

stress states and avoid buckling [104, 105]. Microcantilever beams with trian-

gular cross sections were prepared similar to the process described in [68]. 

Prior to the coarse milling, a protective carbon layer was deposited by elec-

tron-beam assisted deposition at a beam current of 65 nA. For the fine milling, 

a beam current of 9 nA was used, while the final polishing of the cantilever 

beam side wall was performed at 0.7 nA. The final cantilevers had a length of 

30 μm and a triangular cross section with a width of 2.8 - 5.1 μm. [106] 

3.8 Transmission Electron Microscopy and 

Energy-Dispersive X-Ray Spectroscopy 

A Transmission Electron Microscope (TEM) (Tecnai G² F20 X-TWIN, FEI 

Company, Hillsboro, Oregon, USA) operated at 200 kV was used to take im-

ages in the scanning TEM (STEM) mode. [41] The samples were analysed by 

SEM and TEM before and after deformation. Energy Dispersive X-Ray Spec-

troscopy (EDX, EDAX S-UTW) was performed to identify individual layers of 

the complex particle boundaries of the SMCs. [106] 

3.9 Nanoindentation 

The indentation tests were conducted in a G200 XP nanoindenter (Keysight 

Technologies, Inc., Santa Rosa, CA, USA) with a diamond Berkovich tip using 

the Continuous Stiffness Measurement (CSM) technique. [41] In the CSM 

method, a small sinusoidal load signal is superimposed onto the normal load 

signal. This allows the measurement of contact stiffness at any point along the 
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loading curve and not just at the point of unloading as in the conventional 

measuremen [43, 49]. The tip was calibrated following the standard method 

[38]. Three sets of experiments were performed. 

In set 1, the influence of the polishing conditions on the nanoindentation meas-

urements was examined on two different specimens. The first one was polished 

mechanically up to step 7a (Table 1.1), while the other one was ion beam pol-

ished (following procedure D, Table 3.1). The samples were then indented to 

900 nm depth at a constant indentation strain rate of 0.05 s-1. 100 indents were 

made inside the particles of the SMC. Young’s modulus and hardness were 

determined for the bulk iron particles. [41] 

In set 2, indents were placed along a selected particle boundary of an ion beam 

polished sample (procedure B, Table 3.1). The indentation depth was 300 nm 

resulting in a lateral size on the surface of approximately 2.3 μm, which was 

greater than the maximum thickness of the particle boundaries. [41]  

In set 3, indents were placed along particle boundaries over a full specimen 

cross section of a fully oxidized sample in order to identify the individual hard-

ness of each type of boundary. The indentation depth was 300 nm. 

3.10 Microcompression and 

Microcantilever Bending 

The compression and bending tests were performed using a nanoindenter 

(G200, Keysight Technologies, Santa Rosa, California). The microcompres-

sion pillars were deformed with a flat punch diamond tip of 10 μm diameter. 

All experiments were carried out with a constant displacement rate of 10 nm/s 

to a predefined displacement. [106]  

As described in section 1.3.2, there are several aspects that have to be consid-

ered because microcompression testing is not standardised. The influence of 

the taper and the substrate are taken into account when calculating the stress 

and strain of the microcompression pillars. The pillar strain cannot directly be 
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measured in a microcompression experiment [62, 107, 108]. The total displace-

ment can be described as 

subpillarindtotal xxxx 
   (3.1) 

where Δxtotal is the indentation depth and Δxind, Δxpillar and Δxsub are the defor-

mation in the indenter, pillar and substrate respectively. The pillar deformation 

is given by 
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with 
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  (3.3) 

where υsub and υind are the Poisson’s ratio for the substrate and the indenter, P 

is the applied force on top of the indenter and p is the pressure, β is a correction 

factor, Esub and Eind are the Young’s moduli of the substrate and the indenter 

and rbase and rtop are radii of the top and base surface of the pillar. The correction 

factor β is determined by finite element calculations of the load-displacement 

characteristics of elastic half spaces deformed by flat ended punches with cir-

cular (β = 1.000), triangular (β = 1.034), and square cross sections (β = 1.012) 

[47]. An indenter tip is typically made of diamond with a Young’s modulus  

of 1141 GPa and a Poisson’s ratio of 0.07. The strain ε can be calculated as  

follows: 
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The stress σ is determined by: 

A

P


   (3.5) 

 

where A is the area of the top surface of the pillar [62]. 

The microcantilever beams were deformed in the nanoindenter with a diamond 

wedge tip with a length of 8 μm and an opening angle of 60° at a constant 

displacement rate of 10 nm/s to a predefined displacement. 

Simple beam theory known from the macroscopic bending test can be also ap-

plied to the microscale if some requirements are fulfilled [68, 109, 110]. The 

aspect ratio (loaded length / microcantilever width) of the microcantilevers 

should be greater than 6 because otherwise the linear beam theory is not valid 

and the Young’s modulus is severely underestimated [68]. The evaluation of 

Young’s modulus E is adapted from [68]. It can be calculated by  
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with 
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3bh
I y 

   (3.7) 

where d is the deflection of the cantilever at the loading point, L is the distance 

between the loading point and the fixed end, h is the cantilever thickness and 

b is the cantilever width. In order to determine Young’s modulus, the sizes of 

the microcantilevers and the value (
𝑃

𝑑
) are needed for equation (8) and (9). (

𝑃

𝑑
) 

is determined by a least square fit in the elastic region of the loading and un-

loading curve.  
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3.11 Microtensile Testing 

The microtensile test specimens were prepared and tested similar to the process 

and method described in [74, 81, 82]. They were cut from fully oxidised SMCs 

into approximately 250 μm thick slices using a diamond wire saw without 

cooling. Both surfaces were then thinned by grinding with SiC paper down to 

P2000. The final thinning step to a thickness of 25 μm was performed using a 

cross section ion beam polisher (SM-09010, JEOL, Japan) resulting in a pol-

ished surface shaped in a half-circle. Specimens with a gauge section of 

~20 μm x 25 μm x 50 μm were fabricated using focused ion beam milling  

(JIB-4601F, JEOL, Japan). EBSD measurements had to be performed in order 

to determine the crystal orientation of the gauge sections of the specimens. The 

test was performed with a micro-gluing grip [70] at a crosshead speed of 

0.1 μm/s which was equivalent to a strain rate of 0.002 s-1. The fracture  

surfaces were examined by SEM. 

3.12 Macroscopic Four-Point Bending 

A single-edge bend sub-size specimen KLST (Kleinstprobe) with nominal  

dimensions of 3 mm x 4 mm x 27 mm, a notch depth of 1 mm, a notch angle 

of 60° and a root notch radius of 0.1 mm was cut by electrical discharge  

machining (EDM) [111] (see Figure 3.3). The dimensions were chosen due to 

the limited amount of material. From each fully oxidised sample, eight spec-

imens per bar were cut. From each partially oxidised sample, also eight spec-

imens were cut. The notch was placed either at the surface of the sample  

(specimen A) or in the core region of the sample (specimen B) (see Figure 3.3). 

The surface of selected specimens was ground and polished down to 3 μm with 

diamond suspension for observing the crack [41], while the others were tested 

without further surface preparation. All of the specimens were then further 

notched by the razor blade method [112] using no diamond paste but with oil 

as a lubricant. The crack length and radii were measured optically with a light 

microscope (Eclipse LV150, Nikon, Tokyo, Japan). The radii obtained with 

this method were 10-23 μm and the final notch depth was 1.1-1.2 mm.  
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Figure 3.3: Dimensions of a KLST specimen and specimen placement in a fully oxidised and 

partially oxidised sample.  

The notched specimens were tested in a four-point bending clamping fixture 

with inner and outer spans of 6 mm and 12 mm, respectively. The specimens 

were tested under displacement control in a Universal Testing System (Type 

10, 50 Hz, UTS Test Systeme, GmbH, Ulm, Germany) at a cross-head speed 

of 1.5 mm/min. In order to observe the crack propagation, a force-controlled 

Instron 1362 (Instron, Canton, MA, USA) with 10 N/s and 80 N/s corresponding 

to 0.04 mm/min and 2.00 mm/min, respectively, was used. Videos of the notched 

area were recorded for selected specimens with a CCD video camera in order to 

correlate the propagation of the crack with the load-displacement curve.  

The fracture toughness was determined using the single etch v-notched beam 

(SEVNB) method [88] as suggested in [113]. A sharp notch is introduced  

by polishing the notch root with a razor blade and impregnated with diamond 

paste. In order to determine the crack length a, the fracture surface has to  

be measured at three different points and a mean value is calculated (see  

Figure 3.4).  
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Figure 3.4: Schematic of a fractured specimen with dimensions and positions of a1, a2, and a3 

for determining the crack length (adapted from [89]). 

The mean relative crack length α in equation (12) must be between 0.2 and 0.3 

and fulfil equation (11) [89]. 
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where a is the crack length, amax is the largest value of a1, a2 and a3, amin is the 

smallest value of a1, a2 and a3, α is the relative crack length and W is the height 

of the specimen 

In metals, only a preliminary stress intensity factor KQ can be determined from 

the experiments. KQ is only equal to the critical stress intensity factor K1C if 
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where Bb is the width of the specimen, KQ is the preliminary stress intensity 

factor and σy is the yield strength [114]. Unlike in metallic materials, it is pos-

sible to directly determine a K1C for ceramic materials if the critical flaw size 

is significantly smaller than the grain size of the tested material [90]. 

For a four point bending test, the critical stress intensity factor K1C is [89]: 
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with a geometry factor [89]: 
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4 Sample Preparation 

4.1 Grinding and Polishing  

Figure 4.1 shows heavy corrosion stains between polishing steps. During 

grinding, no corrosion stains were observed. During polishing, however, they 

regularly showed up at different stages of corrosion. The stains could usually 

be removed by iterating the cleaning procedure. If not, the polishing step had 

to be repeated. 

 

Figure 4.1: Corrosion stains after polishing. Sometimes the stains could be removed by clean-

ing several times. Sometimes the polishing step had to be repeated. 
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Mechanical polishing only (up to step 7 in Table 3.3) is not sufficient to reveal 

the real microstructure of the particle boundaries. The specimen shown in Fig-

ure 4.2a was polished up to step 7a. Scratches as well as imprints of the dia-

mond grains of the polishing suspension are clearly visible. The surface quality 

clearly improved when step 7b instead of step 7a was the final polishing step 

(Figure 4.2b). In addition, slight etching of the iron particles can be seen in 

Figure 4.2b. The particle boundary, however, appears unaffected compared to 

the previous polishing procedure (step 7a). Both polishing steps reveal the in-

dividual layers of the boundary. One layer was more severely attacked by the 

polishing process than the others resulting in a relief of the particle boundary. 

Apparently, the larger macro-pores had been filled by the infiltration process, 

whereas the very small pores along the boundary layers remained unfilled. 

After mechanical polishing, these small pores appear smeared up to some ex-

tent. [41] 

  

Figure 4.2:  Scanning electron micrographs of the SMC samples after different polishing pro-

cedures: a) Mechanical polishing (step 7a): Scratches and imprints in the iron par-

ticles of the polishing abrasive can be seen. The boundary exhibits a surface relief. 

b) Mechanical polishing (step 7b): The particles show fewer scratches and imprints. 

The boundary still exhibits a surface relief. [41] 
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4.2 Ion Beam Polishing 

4.2.1 Planar Ion Beam Polishing 

Figure 4.3a shows a specimen polished following procedure A (Table 3.4). 

Even with a cleaning step, ion beam polishing did not remove all scratches left 

after the mechanical preparation. The boundaries, however, did not show a 

surface relief anymore and the small pores were also laid open. Procedures B 

and C gave even better results concerning the surface quality of the iron par-

ticles. Procedures C and D resulted in directional over-etching, locally along 

the particle boundaries (see Figure 4.3b), due to the lateral movement of the 

specimen during ion beam polishing. Although the over-etching caused a more 

irregular surface, the ion beam polishing in C and D gave the best and most 

reproducible overall results. In Figure 4.3b (procedure D), the orientation 

contrast within the iron particles is clearly visible. This orientation contrast 

disappeared with increasing surface corrosion. [41] The voltage and polishing 

time were increased in Procedure E resulting in a strongly over-etched speci-

men not only along the particle boundaries but also at the particle surfaces 

(Figure 4.3c).  

 

(Figure 4.3 continued on next page) 
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Figure 4.3: Scanning electron micrographs of the SMC samples after different polishing pro-

cedures: a) Ion beam polishing (procedure C): The surface relief of the boundary 

was removed. The individual layers of the boundary as well as the pore structure 

are clearly visible (see enlargement). b) Ion beam polishing (procedure D): Direc-

tional over-etching occurred at the particle boundaries (marked by arrows), while 

the particle and the boundaries (see smaller image) were otherwise smoothly  

polished. c) Ion beam polishing (procedure D): strong over-etching of another spec-

imen. (Figure 4.3 a and b from[41])  

 (SEM micrographs in Figure 4.3a and b courtesy of Dr. Marcus Müller) 

4.2.2 Cross-Sectional Ion Beam Polishing  

The specimen surface preparation is critical for EBSD measurements since the 

real microstructure may not be exposed. The SEM micrograph in Figure 4.4a 

shows the ion beam polished portion of the cross section shaped in a half-circle 

after mechanical polishing. As shown in the coarse EBSD scan of the whole 

cross-sectional area with a step size of 4 μm (Figure 4.4b), procedure CS-1 

(Table 3.4) leads to over-etching particularly at the edge of the specimen. Large 

areas at the edge could not be indexed, and, hence, the identification of the 

crystal orientation failed (black regions in the Inverse Pole Figure (IPF) map 

in Figure 4.4b). In Figure 4.4c, however, the indexing of a properly polished 

sample (CS-2 in Table 3.4) was more successful with unidentified orientations 

mainly at the particle boundaries (see Figure 4.4d). [41]  
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Figure 4.4:  EBSD images showing the crystal orientation of the iron particles. a) The speci-

mens were prepared by ion beam-polishing (SEM), b) The indexing success rate 

varied with the polishing procedure. Over-etching (CS-1) led to unindexed areas 

along the sample edge as can be seen in the IPF map with a step size of 4 μm.  

c) The cross-sectional ion beam polished surface had different polishing conditions 

(CS-2) d) Procedure CS-2 results in smaller unindexed areas. (Figure 4.4a, b and d 

from [41])  

 (SEM and EBSD micrographs courtesy of Dr. Yoji Mine, Kumamoto University) 
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4.3 Deformation Layer 

FIB-milled cross sections of the differently polished samples were prepared 

without tilting the sample to an angle of 52°. The specimen shown in Figure 

4.5a was polished mechanically (step 7a in Table 3.3). The thickness of the 

deformation layer was approximately 311 nm as indicated by the contrast 

changes of the sub-cell structure in the particles. As shown in Figure 4.5b and 

Figure 4.5c, the thickness of the deformation layer was reduced to 163 nm after 

ion beam polishing (procedure B in Table 3.4) or even completely removed 

(procedure D), respectively. [41] 

   
 

 

Figure 4.5:  SEM micrographs of FIB cross sections prepared at an angle of 52° to the surface 

normal [41] a) a mechanically polished specimen (step 7a) showing the defor-

mation layer of ~245 nm thickness with clearly visible subgrains, b) an ion beam 

polished specimen (procedure B) with a deformation layer of ~129 nm thickness, 

and c) of an ion beam polished specimen (procedure D) without deformation layer. 

The cross sections were imaged at 2 mm working distance with a backscatter de-

tector (In-lens Trinity 1, FEI Company, Hillsboro, Oregon, USA). [41] 

 (SEM micrographs courtesy of Thomas Kreuter)Material Characterisation 
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5 Material Characterisation 

5.1 Powder Characterisation of 

Somaloy 500 and 700 3P 

Somaloy 500 and Somaloy 700 3P powders in their original state were ana-

lysed in the SEM. The differences between those two powders were the addi-

tional binder layer of Somaloy 700 3P and a different particle size distribution.  

Figure 5.1a shows an overview of the examined Somaloy 500 powder with 

different sizes of particles. The particle in Figure 5.1b had the typical water-

atomised random surface with some unidentified white inclusions. A cross sec-

tion of this particular particle was prepared using FIB-cutting. The channelling 

contrast in Figure 5.1c indicates a grain boundary within the particle. There 

was also a small pore within the particle. The phosphorous containing coating 

could not be resolved in the SEM (see Figure 5.1d). 

Figure 5.2a shows the particles of the examined Somaloy 700 3P powder. 

There is an obvious size difference of the particles compared to the Somaloy 

500 and they also include some white inclusions of unknown origin (Figure 

5.2b). On the cross section of this particular particle (Figure 5.2c), it seemed 

to be single crystalline and did not include any pores. In Figure 5.2d, the binder 

layer on the surface of the particle is shown but the phosphorous layer was 

again not resolvable by SEM. 
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Figure 5.1:  Somaloy 500 a) An overview of the powder, b) The powder particle was cut with 

FIB at the marked position c) The cross section through the particle shows a grain 

boundary, d) The surface of the particle (marked in c)) with a platinum (Pt) coating.  
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Figure 5.2:  Somaloy 700 3P a) An overview of the powder, b) The powder particle was cut 

with FIB at the marked position, c) The cross section through the particle, d) The 

surface of the particle (marked in c)) showing the binder layer. 

5.2 EBSD Measurements  

The particles were characterized by ESBD scans with a step size of 0.2 μm. 

Figure 5.3 shows inverse pole figure (IPF) maps combined with image quality 

(IQ) maps and each image shows two particles and a particle boundary. Figure 

5.3a shows that the structure of the particle boundary could not be resolved. 

Within the two particles, there were only minor colour orientation changes in-

dicating the subgrain structure of the particles seeming to be single-crystalline. 

In Figure 5.3b however, there are clearly two grains in the particles visible in 

the scanned area. Each grain again shows a subgrain structure. In Figure 5.3c, 
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the right particle even contains 3 individual grains in the scanned area and the 

left particle contains two grains. In Figure 5.3d, there is a pronounced colour 

variation indicating subgrains and a grain boundary in the left particle.  

 

 

Figure 5.3:  Higher magnification EBSD scans (combined IPF and IQ maps) with a step size of 

0.2 μm: a) the particle boundary could not be resolved by ESBD scans but subgrains 

are detectable. The particles seem to be single-crystalline, b) there is a grain bound-

ary in both particles and a subgrain structure in each grain, c) there are two grain 

boundaries in the left side particle and three grain boundaries in the right particle, 

d) the particles show a pronounced subgrain structure and the left particle contains 

a grain boundary. (Figure 5.3a from [41]) 

 (EBSD micrographs courtesy of Dr. Yoji Mine, Kumamoto University) 

5.3 Microstructural Analysis in the TEM 

Figure 5.4 shows a STEM image of a boundary and an iron particle. Within 

the particle, a cellular subgrain structure with high dislocation density can be 

observed.  
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Figure 5.4:  STEM image of an iron particle with a boundary. Cell structures of subgrains are 

clearly visible. [41] 

As shown in Figure 5.5, the particle boundaries of the SMC are very complex. 

Depending on the space between the iron particles during oxidation, the 

boundaries grew different layers of oxidized iron and phosphorous. Four gen-

eral types were observed. Figure 5.5a shows the initial state of the boundary 

without oxidation and only a phosphorous layer of ~30 nm thickness. Figure 

5.5b shows a thicker boundary (40-60 nm) with pores and traces of iron oxide 

in the middle (type-2 boundary). Type-3 particle boundaries exhibit an iron 

oxide layer with a thickness of several tens of nanometres (in this case even 

~350 nm) in addition to a phosphorous layer, as shown in Figure 5.5c. Inter-

face pores between the particle and the phosphorous layer (~62 nm thick) as 

well as larger pores in the middle of the iron oxide layer can be seen. In case 

of the type-4 boundaries (Figure 5.5d), the first two layers adjacent to the par-

ticle are iron oxide and phosphorous, respectively. [106] The iron oxide layer 

also contains small pores.  

As the SMC is only pressed and not sintered, the structure is generally porous. 

During compression, the water-atomised particles are jammed resulting in dif-

ferent sizes of pores. The pores offer a lot more space for boundary growth 

than the later boundary layers. The growth of boundary layers does not depend 

on the pore sizes but on the permeability for the water vapour during annealing.  
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Figure 5.5:  STEM micrographs of a) a type-1 boundary with a phosphorous layer of about 

20 nm thickness, b) a type-2 boundary with a thicker phosphorous layer and traces 

of iron oxide, c) a type-3 boundary containing a thick iron oxide layer besides the 

phosphorous layer, and d) a type-4 boundary with a porous iron oxide layer, a thin 

phosphorous layer and a middle iron oxide layer including a pore. (Figure 5.5a, b 

and c from [106])  

This means that even small pores are not necessarily filled up if the water  

vapour cannot reach them (Figure 5.6a and b). The growth of boundary layers 

at the pore surface is in general the same as described before (Figure 5.6c). 

However, they grow randomly within the pore, filling it up and making it very 

complex (Figure 5.6d). 
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Figure 5.6:  STEM micrographs of different types of pores a) a pore surrounded by a type-1 

boundary b) a pore enclosed by a type-2 boundary with a thicker phosphorous layer 

and the beginning growth of an iron oxide layer c) a large pore enclosed by a type-3 

boundary: with an iron oxide layer in the middle surrounded by a phosphorous 

layer. d) a complex filled pore of a type-4 boundary with an iron oxide layer at the 

particle side and a phosphorous layer followed by an iron oxide layer which also 

filled parts of the pore. (Figure 5.6d from [106]) 

Figure 5.7 shows EDX line scans for several types of particle boundaries. The 

line scan in Figure 5.7a is across a type-1 boundary consisting of oxygen, iron 

and phosphorous. The amount of iron decreased and the amount of oxygen and 
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phosphorous increased compared to the pure iron particle. The thickness of the 

boundary is about 20 nm.  

Figure 5.7b shows the transition of a type-2 into a type-3 boundary. The line 

scan across this boundary shows both the phosphorous layers as well as the 

thin iron oxide layer in the middle. The phosphorous layers are 50 nm (layer 1) 

and 70 nm (layer 3) thick and the iron oxide layer is 80 nm (layer 2) thick. The 

amount of oxygen is nearly constant over the whole boundary, only the amount 

of iron decreases in the phosphorous layer. 

As shown in Figure 5.7c, there is a continuous decrease of iron content when 

following the line scan starting in the iron particle and increasing oxygen con-

tent over a distance of ~ 131 nm (layer 1 in Figure 5.7c). The second layer is 

the phosphorous layer containing the least amount of iron and highest amount 

of oxygen (layer 2, ~ 72-156 nm). The layer in the middle of the boundary 

(layer 3, ~ 366 nm) consists of iron oxide with a higher amount of iron than 

oxygen [41].  

    

(Figure 5.7 continued on next page) 



5.4  Quantitative Microstructural Analysis 

59 

      
 

      

Figure 5.7: STEM micrographs and their corresponding EDX line-scans for a) a type-1 bound-

ary consisting of a phosphorous layer, b) a type-2 boundary in transition to a type 3 

boundary and c) a type-4 boundary with two layers of iron oxide and phosphorous, 

and a middle layer consisting of iron oxide. (Figure 5.7d from [106]) 

5.4 Quantitative Microstructural Analysis  

Figure 5.8 shows the percentage distribution of all types of particle boundaries 

of a cross section of a partially oxidised sample. The distribution of type-1 and 

type-2 boundaries is similar with a higher percentage of these particle bound-

aries in the core region (Figure 5.8a and b). There are generally more type-2 

boundaries than type-1 boundaries. The number of type-3 boundaries is higher 

outside the core than inside of the core (Figure 5.8c). Almost no type-4 bound-

aries are in the core but there are more of type-4 boundaries outside the core 

(Figure 5.8d).  
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Figure 5.8: Boundary type distribution along a cross section of a partially oxidised sample: a) 

There is a high number of type-1 boundaries in the core, b) There are generally 

more type-2 than type-1 boundaries and there is also a higher number of type-2 in 

the core, c) the number of type-3 boundaries is generally higher outside the core 

region and there are less boundaries in the core, d) There are very few type-4 bound-

aries in the core region. 

Figure 5.9 shows the boundary type distribution for a full sample cross section 

of a fully oxidised sample. There are generally very few type-1 boundaries in 

the whole sample (Figure 5.9a). The amount of type-2 is higher than the num-

ber of type-1 boundaries with a locally higher concentration on the left side of 

the sample (Figure 5.9b). There are even more type-3 boundaries with a 

slightly increasing number of particle boundaries to the right side of the sample 

(Figure 5.9c). The type-4 boundary shows the highest distribution with a high 

number of boundaries at the core region and a somewhat smaller number to-

wards the edges of the sample (Figure 5.9d). 
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Figure 5.9:  Boundary type distribution along a cross section of a fully oxidised sample: a) 

There are very few type-1 boundaries in the whole sample, b) There are generally 

more type-2 than type-1 boundaries with a locally higher number at the left side of 

the sample, c) the number of type-3 boundaries is generally higher and slightly 

increasing to the right side of the sample, d) The type-4 boundary shows a high 

number of boundaries at the core region and a little lower number towards the edges 

of the sample. 

Table 5.1 shows the results of the Point Count Method. In total, the percentage 

of particle boundaries within the analysed surface was 1.5% and 1.2% for fully 

and partially oxidised SMCs respectively. Fully oxidised specimens contained 

10.3% of type-1 and type-2 boundaries, 27.8% of type-3 boundaries and 59.5% 

of type-4 boundaries. Considering partially oxidized SMCs, the number of 

type-1 and type-2 boundaries increased by 10% and 14%, respectively. The 

number of type-3 boundaries remained almost the same and the number of 

type-4 boundaries dropped to 32.6%. 
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Table 5.1:  Distribution of all types of particle boundaries in the SMCs for fully and partially 

oxidised specimen. 

 Fully 

oxidised SMC 

Partially 

oxidised SMC 

boundaries in SMC   1.5 %   1.2 % 

type-1 boundary   4.9 % 15.0 % 

type-2 boundary   5.4 % 19.5 % 

type-3 boundary 27.8 % 33.0 % 

type-4 boundary 59.5 % 32.6 % 

 
The SEM micrographs in Figure 5.10 show the core of fully and partially oxi-

dised SMCs respectively. As already shown in the Point Count Method, the 

core of fully oxidised SMC contains only type-4 boundaries. This can be also 

seen in the SEM micrograph in Figure 5.10a. Similarly, the core of partially 

oxidised SMC contains many type-1 boundaries as shown in Figure 5.10b.  

 

Figure 5.10:  a) SEM micrograph taken at the core of a fully oxidized specimen. There are mainly 

type-4 boundaries. b) SEM micrographs taken at the core of a partially oxidized 

specimen. There are only type-1 boundaries in this image. 
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6 Micromechanical Testing 

6.1 Nanoindentation of Pure Iron Particles 

Figure 6.1 shows an indent field of 10 by 10 indents in a pure iron particle of 

the SMCs. The hardness of specimens with and without a deformation layer 

polished to step 7a and following procedure D, respectively, is shown in Fig-

ure 6.2 over the indentation depth of 900 nm. Both samples exhibited a pro-

nounced indentation size effect [36]. At 900 nm indentation depth, a plateau 

value was almost reached for both samples. The hardness at 850 nm is 

2.21 ± 0.21 GPa and 1.93 ± 0.14 GPa with and without a deformation layer, 

respectively (Table 6.1). At a larger depth, only a small effect of the defor-

mation layer was observed, while at a lower indentation depth, the difference 

was quite pronounced. The hardness values of the two samples differed by 

more than 1 GPa at 250 nm indentation depth. Furthermore, the hardness of 

the specimen without a deformation layer showed a less pronounced depth de-

pendence (Table 6.1). Young’s modulus was independent of the indentation 

depth for both samples. [41] 

 

Figure 6.1:  SEM micrograph of an indent field of 10 by 10 indents with an indentation depth 

of 300 nm in the pure iron particle of the SMCs. 
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Table 6.1:  Average values of Young’s modulus and hardness with their standard deviations 

measured at 250, 550 and 850 nm indentation depth for samples with different thick-

nesses of deformation layers. The thicker the deformation layer, the more the hard-

ness measurements were affected at low indentation depths. Young’s modulus was 

approximately the same for all measurements. [41] 

Deformation  

layer thickness  

[nm] 

Indentation 

Depth 

[nm] 

Hardness 

 

[GPa] 

Young’s  

modulus 

[GPa] 

– 

250 2.21 ± 0.14 219 ±   8 

550 2.15 ± 0.15 229 ± 10 

850 1.93 ± 0.14 221 ± 11 

163 nm 250 2.77 ± 0.12 197 ±   6 

311 nm 

250 3.25 ± 0.15 230 ±   8 

550 2.36 ± 0.18 212 ± 10 

850 2.21 ± 0.21 214 ± 11 

 

Figure 6.2:  Hardness vs. indentation depth of SMC specimens with a ~240 nm thick defor-

mation layer and without a deformation layer. Up to 900 nm indentation depth, both 

samples exhibited a pronounced indentation size effect and no plateau hardness is 

reached. The hardness of the sample with a deformation layer was higher, in par-

ticular for depths < 300 nm. The average value of 60 indents is shown with the error 

bars representing one standard deviation. [41] 
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6.2 Nanoindentation along a 

Particle Boundary 

Indents were placed on a particle boundary of a specimen prepared following 

procedure B. Figure 6.3a shows the hardness and Young’s modulus for the 

indents positioned along the boundary shown in Figure 6.3b. For comparison, 

the hardness and modulus values of a sample polished following procedure D 

(away from the particle boundaries) are indicated by the black and red lines, 

respectively. Not all indents were located exactly on the boundary, some of 

them indented the adjacent material of a particle. [41] Both hardness and 

Young’s modulus are significantly lower for indents 8, 9 and 10 although In-

dent 9 was positioned exactly on the boundary (see Figure 6.4). No cracks were 

observed at the boundary indicating a somewhat ductile behaviour. Except for 

these three indents, there was a clear strengthening effect of particle bounda-

ries. For this particular boundary, the hardness was 3.45 ± 0.37 GPa, while 

for the indents close to the boundary, but in the adjacent particle, a hardness 

of 3.15 ± 0.42 GPa was determined. Compared to the bulk values of 

2.77 ± 0.12 GPa of the iron particles (Table 6.1), the hardness values of the 

boundary region were clearly higher. [41] 
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Figure 6.3:  Nanoindentation of the boundary region: a) Hardness and modulus exhibited sig-

nificant changes depending on the indent position. The influence of the subsurface 

and the deformation layer could be seen when compared to the hardness and 

Young’s modulus of a specimen without a deformation layer (horizontal lines with 

dashed lines for the standard deviation). b) SEM of the boundary after indentation 

showed that not all of the indents were positioned directly on the boundary. [41] 
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Figure 6.4: Indent 9 from the boundary tested in Figure 6.2. The indent was clearly placed on 

the boundary. [41] 

6.3 Nanoindentation of Different Types 

of Particle Boundaries 

Table 6.2 also summarises the hardness of each type of boundary measured on 

a fully oxidised specimen. The difference between the individual boundary 

types was not resolvable with nanoindentation, there were only minor differ-

ences that all lie within standard deviation. However, the particle boundaries 

were about 1.5 GPa harder than the pure iron particles. The hardness for in-

dents close to the particle boundary in the adjacent iron particle was higher 

than for iron particles (see also section 6.2). 
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Table 6.2:  Hardness of all types of particle boundaries in SMCs for a fully oxidised specimen. 

The boundaries are harder than the pure iron particles. 

 Hardness [GPa] 

type-1 boundary 3.41 ± 0.90 

type-2 boundary 3.92 ± 0.70 

type-3 boundary 3.97 ± 0.73 

type-4 boundary 3.76 ± 0.90 

particle (near boundary) 2.89 ± 0.53 

particle (Table 6.1) 2.21 ± 0.14  

6.4 Microcompression 

Figure 6.5 shows engineering stress–strain curves from microcompression 

tests of pillars that were fabricated in the bulk or contain a particle boundary. 

For the analysis, the compliance of the base material and the load frame [115] 

were accounted for. [106]  

Figure 6.5a show the engineering stress – strain curves for pillars fabricated in 

the bulk. Strain bursts can be seen in the curves corresponding to clearly visi-

ble plastic slip lines in the pillars. Both single and multislip were observed as 

well as strain hardening with increasing strain. [106] The multislip occurred 

either in one or two directions. The SEM-micrograph in Figure 6.4a shows 

multiple slip lines in one direction. The yield stresses lay between 313 MPa 

and 492 MPa.  

Figure 6.5b shows the engineering stress-strain curves for pillars containing 

boundaries and exhibiting single slip together with a typical pillar after defor-

mation. The yield stresses were between 577 MPa and 671 MPa. These were 

the highest stresses both for pillars in the bulk and pillars with boundaries. 

[106] The SEM-micrograph in Figure 6.5b shows a pillar containing a bound-

ary and exhibiting a single strain burst.  
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Figure 6.5c shows the engineering stress-strain curves for pillars exhibiting 

multiple strain bursts. [106] The yield stresses tended to be lower than for pil-

lars exhibiting only one strain burst and lay between 374 MPa and 632 MPa. 

It seems that pillars exhibiting multiple strain bursts in one direction showed 

higher yield stresses than pillars exhibiting multiple strain bursts in two direc-

tions. The SEM-micrograph in Figure 6.5c shows a pillar containing a bound-

ary and exhibiting multiple strain bursts in two directions. The deformation 

behaviour of the investigated pillars containing boundaries appeared not to be 

influenced by them.  

 

(Figure 6.5 continued on next page) 
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Figure 6.5: Engineering stress-strain curves and corresponding deformation characteristics of 

a) pillars in bulk particles (single and multislip), b) pillars containing particle 

boundaries with single strain bursts and single slip, c) pillars containing particle 

boundaries with multiple strain bursts and multislip. [106] 
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Considering the influence of pores on the mechanical behaviour of the SMCs, 

Figure 6.6a shows the engineering stress-strain curves of microcompression 

pillars containing particle boundaries and pores of different sizes. The pore size 

increased from Pillar 1 to 4. Pillars 1-3 containing different types of particle 

boundaries and small central pores did not influence the stress-strain behaviour 

and showed no deformation around the pores after compression (see Figure 

6.6b). Figure 6.6c shows Pillar 3 after testing and although it is a larger pore, 

it did not show any signs of deformation or failure. Pillar 4 contained a pore 

filled with complex boundary layers consuming a large volume of the pillar. 

Figure 6.6c shows that Pillar 4 collapsed after compression resulting in a non-

measurable engineering stress – engineering strain curve (Figure 6.6a).  
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Figure 6.6:  a) Engineering stress-strain of pillars containing particle boundaries and pores. The 

pore size increased from pillar 1 to 4, b) Pillar 3 after compression showing that the 

large central pore showed no deformation or failure, c) Pillar 4 collapsed during 

compression. 
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6.5 Microcantilever Bending 

The loading curves of the microcantilevers shown in Figure 6.6 are sorted with 

respect to the particle boundaries, which determine the fracture behaviour of 

the cantilevers. [106] 

Cantilevers containing type-1, -2, and -3 boundaries all failed in a brittle man-

ner (Figure 6.7a) with little or no plastic deformation of the beams. Cantilevers 

with type-1 boundaries failed at the lowest loads, while those with type-2 

boundaries sustained the highest loads of all brittle boundaries. [106] As 

shown in the SEM-micrographs in Figure 6.7a, cantilevers with type-1 bound-

aries exhibit brittle failure at the boundary. Cantilevers containing particle 

boundaries of type-2 and type-3 also failed in a brittle manner at the boundary.  

Cantilevers with type-4 boundaries showed the highest plastic deformation 

(Figure 6.7b). The SEM micrographs in Figure 6.7b show that the cantilever 

exhibited ductile behaviour without fracture. The cross section (lower image 

in Figure 6.7b) shows the complex pore structure, which did not cause the for-

mation of cracks or delamination.  

The particle boundaries cannot always be assigned to one group only and may 

occur as mixed types [106]. In case of a type-3/type-4 combination, the plastic 

deformation was higher than the plastic deformation of cantilevers containing 

the brittle type-1 to -3 boundaries but lower than that of the cantilevers with 

ductile type-4 boundaries (Figure 6.7c). The SEM micrographs of Figure 6.7c 

show that the cantilever fails at the type-3 interface only, i.e. the interface be-

tween the phosphorous layer and the particle.  

Figure 6.7d shows the load-displacement curves for cantilevers without parti-

cle boundaries. The loads were in the same range as for cantilevers containing 

boundaries. The plastic deformation, however, is lower than that for cantilevers 

with type-4 boundaries. The SEM-micrograph in Figure 6.7d shows that the 

cantilevers did not fracture. 
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(Figure 6.7 continued on next page) 
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Figure 6.7:  Load-normalised displacement curves and deformation characteristics for: a) can-

tilevers with type-1, type-2 and type-3 boundaries, b) cantilevers with type-4 

boundaries, c) cantilevers with mixed type-3 and type-4 boundaries, d) cantilevers 

in the bulk without particle boundaries. The displacement was normalized by the 

respective lever length. [106]   
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6.6 Microtensile Testing 

Figure 6.8a shows the stress-displacement curves of two microtensile speci-

mens containing different types of particle boundaries which are shown in Fig-

ure 6.7b and c. The microtensile test specimen in Figure 6.8b contains a type-2 

particle boundary lying in the centre of the specimen. The inset shows a pore 

at the end of the specimen. In Figure 6.8c, the specimen contains a type-3 

boundary which also lies in the centre.  

 

Figure 6.8:  a) Stress-displacement diagram for microtensile test specimens with a type-3 

(black) and type-2 boundary (orange). The type-3 boundary shows a stress drop 

after the maximum stress was reached. After the second maximum was reached, 

the specimen broke. The type-2 boundary shows only one maximum stress at which 

the specimen failed. b) Tensile test specimen containing a type-2 particle boundary 

in the centre and a pore at the end of the specimen, c) Tensile test specimen con-

taining a type-3 boundary at the centre. 

 (microtensile test and SEM micrographs courtesy of Dr. Yoji Mine, Kumamoto 

University) 
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Both stress-displacement curves in Figure 6.8a show a good agreement in the 

elastic regime. The spiky curve propagation is due to the difference in resolu-

tion of the recording devices for the displacement and stress during testing. 

The black curve corresponds to a tensile test specimen with a type-3 boundary. 

The stress increases linearly up to a maximum stress of 70.3 MPa, after which 

it drops to 59.5 MPa, then reaches a second maximum of 70.3 MPa and finally 

the specimen fails. The curve propagation is correlated to the video that was 

taken during testing. The video helped to understand the crack propagation but 

the image sequence of the video is not shown here. At the first maximum, the 

crack opened. After the initial crack opening, the stress dropped and there was 

only minor further crack opening until the second maximum stress of 70.3 MPa 

at which the final failure occurred and the specimen broke.  

The orange curve in Figure 6.8a corresponds to the stress-displacement behav-

iour of a specimen containing a type-2 boundary. After the linear increase of 

stress, plastic deformation starts, a maximum stress of 66.6 MPa is reached and 

the stress decreases again up to the final failure without any stress drops. In 

this case, the video did not show any crack opening. 

Figure 6.9a shows an SEM micrograph of the specimen containing a type-2 

boundary after testing. It clearly did not fail at the expected boundary but at a 

type-1 boundary connected to a pore near the end of the prepared specimen. 

The type-2 boundary which was supposed to be tested remained unaffected 

and does not show any signs of cracks. The curtaining at the sides of the spec-

imen did not influence the testing. The fracture surface appears smooth indi-

cating a brittle fracture. Figure 6.9b shows an SEM micrograph of the speci-

men containing a type-3 boundary after fracture. The specimen broke as 

expected at the boundary and shows a smooth fracture surface. The lines on 

the sample surface are preparation artefacts from the cross-sectional ion beam 

polishing. 



6  Micromechanical Testing 

78 

 

Figure 6.9:  a) Specimen containing a type-2 boundary after testing. It did not break at the ex-

pected type-2 boundary but on a type-1 boundary containing a pore, b) Specimen 

containing a type-3 boundary after testing. The failure occurred in the boundary.  

 (SEM micrographs courtesy of Dr. Yoji Mine, Kumamoto University) 
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7 Macroscopic Fracture 
Toughness Testing 

Figure 7.1a shows a light microscopy image of the crack propagation of a par-

tially oxidised specimen A after four point bending. The main crack started 

near the notch tip at a boundary. Smaller cracks also started at the left and right 

faces of the notch. The main crack shows branching and did not break the spec-

imen. Some of the specimens showed very long running branches. There was 

no visible difference between cracks of specimens A and B. The SEM micro-

graph in Figure 7.1b shows the surface of the crack at its opening. The surface 

appears smooth as in a brittle failure. More brittle fracture surfaces are ob-

served for type-1 to type-3 boundaries (Figure 7.1c and d).  
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Figure 7.1: Fractographic analysis of a partially oxidised SMC after four point bending testing. 

a) Light microscopy image of the crack in a specimen A, b) SEM micrograph of 

the smooth fracture surface at the crack opening of a partially oxidised SMC indi-

cating brittle fracture, c) SEM micrograph of a partially opened brittle crack d) 

SEM micrographs of a partially opened crack of a crack branch. 

Figure 7.2a shows a crack of a fully oxidised sample. There is no difference 

compared to the partially oxidised specimens in the light microscope. The 

cracks also show branching. For fully oxidised SMC, a further type of fracture 

surface is observed due to the higher type-4 boundary content. The fracture 

surface of a type-4 boundary surface appears rough in the SEM which comes 

from the “left overs” of bridges from type-4 boundaries (see Figure 7.2b). 

Bridges form between the crack surfaces as seen in half opened cracks (Figure 

7.2c). Even in fully opened cracks the leftovers from the bridges were found 

(Figure 7.2d).  
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Figure 7.2:  Fractographic analysis of a fully oxidised SMC after four point bending testing. a) 

Light microscopy image of the crack of a fully oxidised specimen, b) SEM micro-

graph of the rough fracture surface at the crack opening, c) SEM micrograph of a 

partially opened crack showing bridging of a type-4 boundary, d) SEM micrograph 

of a left-over from crack bridging of a type-4 boundary in a opened crack. 

Figure 7.3 shows the force-displacement curves of fully and partially oxidised 

specimens. The mean maximum forces for specimens A and B were 248 ± 31 N 

and 236 ± 18 N respectively showing that there is no difference between them. 

However, partially oxidized specimens endure less strength than fully oxidized 

specimen with a mean maximum force of 288 ± 23 N. The discontinuity in the 

curves only occurred during the displacement-controlled experiments and is 

also not rate-dependent. The videos do not show a correlation of the maximum 

force and the crack opening at the observed surface, i.e. the crack opening of 

either the main crack or a side branch sometimes occurred at a lower force.  
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Figure 7.3:  Force-displacement diagrams for fully oxidised specimens and partially oxidised 

specimens A and B. Fully oxidised specimens reach the highest forces. Specimens 

A and B show the same range of forces 
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8 Discussion 

This research work has two main parts: The microstructure of Somaloy 700 3P 

was characterised and its mechanical properties on the micro- and macroscale 

were analysed. The used micromechanical testing methods were then critically 

assessed in terms of sample preparation and the testing methods themselves.  

8.1 Deformation and Fracture Properties of 

Somaloy 700 3P at Different Scales 

The main issues to be discussed are the microstructural characterisation and 

deformation behaviour of the pure iron particles on the microscale, the micro-

structural characterisation of the particle boundaries and their role in defor-

mation and fracture, and the influence of the pores on the mechanical perfor-

mance of the SMC.  

8.1.1 Deformation Behaviour of the Pure Iron  

Particles in Somaloy 700 3P 

For a full characterisation of Somaloy 700 3P, its initial condition as a powder 

in its unprocessed state was analysed. Somaloy 500 and Somaloy 700 3P have 

different particle size distributions and different coatings. The particle size dis-

tribution for Somaloy 700 3P is given in Table 3.1 with 68 % of the particles 

being between 150-425 μm in diameter. The mean particle size is larger than 

that of Somaloy 500 with 100 μm [12, 27]. The SEM micrographs shown in 

section 5.1 confirm the different particle sizes and also show water-atomised 

surface and the additional binder layer of the Somaloy 700 3P particles. The 

phosphorous coating of both Somaloy 500 and Somaloy 700 3P is not resolv-

able in the SEM. 
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The particles of Somaloy 700 3P were analysed after compaction and a heat 

treatment at 530°C under water vapour by TEM, SEM and EBSD revealing 

two main characteristics of the pure iron particles: i) the particles are not nec-

essarily single-crystalline, and ii) they are heavily deformed in the compaction 

process (see section 5.2 and 5.3). IPF and IQ maps with a step size of 0.2 μm 

revealed that the iron particles are polycrystalline with a few grains per particle 

(see Figure 5.3). The EBSD maps also show colour variations within the par-

ticles indicating a subgrain structure. The subgrains containing a high disloca-

tion density were also observed in TEM and SEM (see section 5.3). The iron 

particles undergo a strong cold-working during the compression at 800 MPa. 

It was reported that recovery and recrystallization occurs during annealing 

which partly or fully reduces the cold-working depending on the annealing pa-

rameters [17, 33]. At an annealing temperature of 530°C, the iron particles still 

show internal stresses whereas a temperature of 700°C leads to a stress relax-

ation of the material [33]. In terms of the magnetic properties, the hysteresis 

loss is increased by the cold-working because the higher dislocation density 

hinders the movement of the domain walls [17, 18]. It is postulated in [33], 

though, that the high dislocation concentration in the pure iron particles is not 

the only cause for the hysteresis losses but that the particle boundaries strongly 

influence the movement of the Bloch walls. As the permeability depends on 

the microstructure, it might also be an influenced by the particle boundaries. 

In terms of mechanical properties, Young’s modulus of the pure iron particles 

of Somaloy 700 3P was found to be independent of the indentation depth for 

all samples. The determined mean value of Young’s modulus was 217 ± 11 GPa 

averaged for all results given in Table 6.1 and the hardness measured was  

2.21 ± 0.14 GPa. The mechanical properties determined in this study appear 

reasonable, while a direct comparison with literature data is difficult. The hard-

ness and Young’s modulus of the bulk iron particles was determined by 

nanoindentation (see section 6.1). Indentation fields of 10 by 10 indents were 

placed inside the iron particles with an indentation depth of 300, 600 and 

900 nm, respectively. A Young’s modulus for the bulk iron particles was not 

reported in literature, however, for pure polycrystalline iron it is about 210 GPa 

[116]. Values for the SMC as such are given in literature stating a Young’s 

modulus of 190 GPa for Somaloy 700 3P (see Table 3.2) [95] and a modulus 
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of about 130 GPa for Somaloy 700 annealed in air [117]. Indentation of elec-

tropolished Somaloy 500 yielded microhardness values of 1.6 GPa [17], which 

is not much lower than the hardness of 1.93 ± 0.14 GPa at 900 nm indentation 

depth found in this work (Table 6.1). The hardness of a Somaloy sample me-

chanically polished with colloidal silica as the final step (particle size of 

0.04 µm) was reported in the range of 2 GPa at depths < 300 nm [18]. As one 

expects a clear effect of the surface preparation method and the indentation 

size effect, the agreement with the findings is reasonable.  

The microcompression pillars fabricated in the bulk iron particles of Somaloy 

700 3P exhibited more strain bursts, more pronounced hardening as well as 

higher flow stresses compared to previous investigations of single-crystalline 

pure α-Fe pillars of the same size (see Figure 8.1) [118]. The pillars with a top 

side length of 5 μm were milled in bulk iron particles of Somaloy 700 3P and 

were likely single-crystalline due to their size. Figure 8.1 shows the engineer-

ing stress – engineering strain diagram for pure α-Fe and the pure iron particles 

of Somaloy 700 3P. Pillars of 4.7 μm exhibit a yield stress of about 200 MPa, 

whereas the pillars of this work being only a bit larger show yield stresses at 

5 % plastic strain of about 300-450 MPa. These values are similar to the ones 

of pure α-Fe pillars with a diameter of 2.6 μm. The cold-working of the parti-

cles may explain the higher stresses observed in this work.  
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Figure 8.1:  Engineering stress vs. engineering strain for different sizes of α-Fe single-crystal-

line pillars from [118] and 5 μm presumably single-crystalline pure iron pillars 

made from Somaloy 700 3P which show higher stresses and more strain bursts than 

α-Fe of the same size. 

In Figure 8.2, the yield stress at 5% plastic strain in microcompression pillars 

in the bulk is compared with the maximum yield stress in the microcantilever 

tests. Pillars containing no particle boundaries do not show a pronounced dif-

ference in yield strength for single and multiple strain bursts. The strength es-

timate of the cantilevers is higher than in microcompression, which is likely 

related to the analysis method. The maximum yield stress was estimated taking 

the maximum load in the load-deflection curves of the beams that deformed 

plastically [67]. Since the maximum load might be higher than the load needed 

for 5% plastic strain, the resulting estimate of the yield stress might be also too 

high. However, the stresses in the microcantilevers are almost twice as high as 

in the pillars which may not be caused only by the different methods used  

for calculating the stress. It can furthermore be argued that the effectively  

deformed volume of the pillars is smaller than the volume of the microcantile-

vers which show a strain gradient as stated in [119]. 
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Figure 8.2:  Yield stress at 5% plastic strain for eight tested pillars in the bulk iron particles of 

Somaloy 700 3P and at maximum load for six cantilevers in the bulk. [106] 

8.1.2 The Role of the Particle Boundaries in  

the Deformation and Fracture Mechanisms  

of Somaloy 700 3P 

A new model for describing the complex particle boundaries of Somaloy 

700 3P heat treated at an annealing temperature of 530°C was found based on 

the TEM micrographs in section 5.3. In [33], a model was given for Somaloy 

700HR-3P stating that an iron oxide layer forms between the iron particles and 

the phosphorous layer or additionally within the phosphorous layer (see Figure 

1.6). The new model classifies the particle boundaries into four main types 

depending on the complexity of layers (see Figure 8.3).  
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Figure 8.3:  Model of the particle boundaries in Somaloy 700 3P. Type-1 boundaries only con-

sist of a phosphorous layer. Type-2 boundaries are thicker and may contain a pore 

in the middle. Type-3 boundaries have an additional layer of iron oxide in the mid-

dle and can also contain pores in the middle. Type-4 boundaries have a porous iron 

oxide layer at the particle-boundary interface followed by a phosphorous layer and 

an iron oxide layer in the middle which may contain a pore in the middle. 
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The type-1 boundary is comparable in composition and thickness to the bound-

ary found in Somaloy 500 [28, 29]. Except for the type-1 boundary, all other 

types may contain pores in the middle. Mixed states of particle boundaries may 

also occur, in particular mixed type-3/type-4 boundaries. It is expected that 

type-1 and type-2 boundaries behave similarly because both only consist of a 

phosphorous layer. Type-3 and type-4 boundaries are more complex and 

should, thus, behave differently. Here, a “boundary” addresses all layers and 

their corresponding interfaces. If only a particular layer or interface is consid-

ered, it is named accordingly. In literature, the surface of Somaloy 500 particles 

and the particle boundaries of Somaloy 700 were examined by EDX and XPS 

finding oxygen, phosphorus and iron as main chemical elements in the SMCs 

[28, 33]. These results can be confirmed by the EDX measurements in the TEM 

in this research work, although the exact chemical composition of the boundary 

layers remains unknown. The thicknesses of the individual layers and the 

amount of iron, oxygen and phosphorus could be determined (see section 5.3). 

From the channelling contrast in both TEM and SEM micrographs, it can be 

assumed that the porous iron oxide layer of the type-4 boundary has a different 

chemical composition than the iron oxide layer in the middle of the boundary. 

There are two important properties of the particle boundary that were revealed 

by nanoindentation. First, the particle boundaries strengthen the SMC. Sec-

ond, they do not exhibit cracks after indentation. [41] It can be argued that the 

particle boundaries themselves are hard but also not very brittle. Using 

nanoindentation, indents were placed along the particle boundaries with an in-

dentation depth of 300 nm. The indents were either placed directly on or near 

the boundary. The particle boundaries strengthen the SMC as described in sec-

tion 6.2 and 6.3. One could even interpret a gradual decrease of the hardness 

with increasing distance from the boundary, when comparing the hardness of 

the boundary and the material next to it. However, the difference is admittedly 

small with standard deviations greater than 10%. [41] The particle boundaries 

are about 1.5 GPa harder than the inside of the pure iron particles. The different 

types of particle boundaries show only minor changes in hardness with a large 

scatter. The layers, the particle boundaries consist of, are usually assumed to 

be brittle, and cracks would, thus, be expected after indentation, either at the 

surface or underneath the indent (see Figure 8.4) [41]. The Berkovich indenter 
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leaves an imprint in the shape of an equilateral triangle with a lateral size of 

2.3 μm on the surface after indenting to a depth of 300 nm. Because the size of 

the imprint is larger than the thickness of the particle boundaries, it was neither 

possible to create a crack in the particle-boundary interface nor to measure 

boundary type-specific properties alone.  

 

Figure 8.4:  a) Indent at 300 nm indentation depth in a type-4 boundary, b) Cross section 

through the indent. Although the boundary was indented, there are no cracks in the 

boundary layers. 

In order to resolve the mechanical properties of the individual types of bound-

aries, further testing methods were used i.e. microcompression, microcantile-

ver bending and microtensile testing. Microcompression testing showed that 

neither the type of boundary nor their volume fractions in the pillar appear to 

influence the deformation mechanism or the yield stress significantly. The par-

ticle boundaries appear to strengthen the pillars even in the presence of pores. 

[106] Pillars were fabricated from Somaloy 700 3P containing an individual 

boundary. In Figure 6.5, the engineering stress – engineering strain curves for 

pillars containing particle boundaries are classified according to their defor-

mation behaviours. Pillars with single strain bursts show higher stresses than 

pillars with multiple strain bursts. The stresses are also higher compared to 

pillars containing no boundaries. Figure 8.5 shows the yield stresses at 5% 

plastic strain for pillars with and without particle boundaries. In comparison to 
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the pillars in the bulk, which show similar stresses for the different types of 

strain bursts, the pillars containing particle boundaries show different stresses. 

The pillars exhibiting single strain bursts show the highest stresses. Pillars ex-

hibiting multiple strain bursts in one or two directions tend to have lower 

stresses. The particle boundaries were observed to further increase the stresses 

compared to pillars made inside the particles. In macroscopic test, high yield 

stresses are also observed [35]. While the pillars showed plastic deformation 

and surface cracks (see Figure 8.6), failure was never observed along the par-

ticle boundaries.  

  

Figure 8.5:  Yield stress at 5% plastic strain for eight pillars in the bulk and 18 pillars containing 

particle boundaries. [106] 

The new model of the complex types of particle boundaries cis verified by 

analysing the SEM micrographs of the pillar surfaces after compression. 

Cracks were observed for all type-1 to type-3 boundaries on the top surface of 
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the pillars at the particle-boundary interface. There is a mixed failure observed 

for mixed type-3/type-4 boundaries failing at the type-3 particle-boundary  

interface (see Figure 8.6b). Type-4 boundaries do not show cracks at all. Figure 

8.6a shows the only case in which a complete fracture of a boundary during 

compression was observed. The top part of the pillar was separated during 

compression. In Figure 8.6b, the crack occurred at the particle-boundary inter-

face or to be more precise at the particle-phosphorous layer interface of the 

type-3 boundary. Figure 8.6d shows the cross section though a pillar contain-

ing a type-2 boundary (Figure 8.6c). The crack appears only at the surface of 

the pillar. The boundary was only in the top third of the pillar and contained a 

small pore. There was also a pore in the bulk particle. The slip had occurred 

below the boundary in a single-crystalline area. The particle boundaries may 

also occur as mixed types; on the top surface of the pillar, cracks along the 

phosphorous layer of the type-3 part (Figure 8.6e) of a mixed type-3 / type-4 

boundary can be seen. The cross section through the pillar, revealed a thick 

type-4 boundary, and slip had occurred in the single-crystalline particle  

underneath the boundary (Figure 8.6f). No cracks or other signs of failure  

can be seen in the boundary indicating an improved strength of type-4 bound-

aries. [106] 

 

(Figure 8.6 continued on next page) 
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Figure 8.6 a) Pillar containing a type-1 boundary. A part of the top of the pillar broke off 

during compression, b) A large type-2 boundary cracked during compression,  

c) Pillar containing a type-3 boundary which cracked during compression. d) The 

cross section through the pillar in c) shows a small pore and a pore within the par-

ticle. e) The top surface shows a mixed type-3 / type-4 boundary, which shows 

cracks along the phosphorous layer. f) The cross section through the pillar in e), 

however, revealed a type-4 boundary but no cracks after deformation. (Figure 8.6e 

and f are from [106])  

Overall, the findings of the microcompression tests are in agreement with  

the nanoindentation data. The boundaries lead to a local strengthening of the 

iron particles. Also, the boundaries are not very brittle and do not promote  

catastrophic failure by fraction at least under somewhat favourable loading 

conditions. 



8  Discussion 

94 

In bending, the particle boundaries weaken the microcantilevers. While canti-

levers containing type-1 to type-3 boundaries break in a brittle manner, canti-

levers with type-4 boundaries show a somewhat ductile behaviour. The loading 

curves in Figure 6.7 are sorted with respect to the type of boundary. Cantilevers 

with type-1 boundaries failed at the lowest loads, while cantilevers containing 

type-2 boundaries exhibit the highest loads. Type-1 to -3 boundaries failed in 

a brittle manner whereas mixed type-3/type-4 boundaries failed only at the 

brittle type-3 boundary. Failure occurred always along the particle-boundary 

interface, i.e. between the phosphorous layer and the iron particle. Cantilevers 

containing type-4 boundaries did not fail and, thus, show a somewhat ductile 

behaviour. The corresponding yield stress of the tested microcantilevers was 

calculated by taking the maximum load in the load-deflection curves. Due to 

the varying dimensions of the cantilevers, particularly in the width and thick-

ness, the highest loads do not necessarily lead to the highest stresses. Figure 

8.7 shows that cantilevers containing no particle boundaries reach the highest 

yield stress, while all types of particle boundaries appear to cause lower values. 

Type-1 boundaries resulted in the lowest yield stress, while type-2, type-3 and 

the mixed type-3/type-4 boundaries gave all about the same values. Cantilever 

beams with type-4 boundaries, which are the only ones leading to a pronounced 

ductile behaviour, exhibit approximately the same yield stress as the cantile-

vers with brittle particle boundaries. Comparing these results to the microcom-

pression testing shows a contradictory behaviour between compression and 

bending. In microcompression, the deformation of the particle determines the 

failure strength whereas in bending, the particle boundaries limit the strength. 

However, the stress states of the two test methods are different. Bending leads 

to a complex, multiaxial stress state with the maximum tensile stresses at the 

surface of the micro cantilever close to the fixed end where the particle bound-

aries are located. This basically results in tensile loading of the particle bound-

aries and failure of types 1-3. [106] Again, for type-4 particle boundaries, no 

fracture was observed but deformation occurs at somewhat lower stresses than 

for cantilevers without a boundary. It may be argued that this is because the 

boundary helps to accommodate the strain gradient and, thus, reduces its effect 

on the measured strength. Furthermore, bending leads to a multiaxial stress 

state with the maximum tensile stresses at the surface of the microcantilever 

close to the fixed end where the boundaries are located. [106] This basically 
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results in tensile loading of the boundaries and thus reduces the overall strength 

of the boundaries. 

 

Figure 8.7:  Yield strength at maximum load for six cantilevers in the bulk and 24 cantilevers 

containing particle boundaries. The four different types of particle boundaries and 

a mixed type-3/type-4 boundary are plotted. [106] 

With the results from microtensile testing, it can be confirmed that the type-1 

to 3 boundaries break in a brittle manner. To be more precise, the particle-

boundary interface determines the failure. The type-4 boundary shows a ductile 

behaviour correlated to the porous iron oxide layer. The fracture surfaces of 

the type-1 and type-3 boundaries in microtensile testing (see Figure 8.8) as 

well as the fracture surfaces of single tested type-1 and type-3 boundaries in 

microbending (see Figure 6.6) show a smooth morphology indicating a brittle 

fracture behaviour. In microcompression, cracks were observed only in the 

brittle type-1 to -3 boundaries as well as in the type-3 part of a mixed type-3/4 

boundary. The type-1 boundary in Figure 8.8b shows a very smooth fracture 

surface whereas the boundary in the pore is rough and of a different type.  
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Figure 8.8:  a) Fracture surface of a type-1 boundary with a smooth structure, b) Opposite frac-

ture surface of a) showing that a pore with a rough surface (marked in red), c) Frac-

ture surface of a type-3 boundary showing 3 particles. The crack ran first along the 

particle-boundary interface, particularly on particle 3. Particle 1 and 2, though, are 

only partially covered by the boundary (marked in red on particle 1), d) Opposite 

fracture surface of c). The crack crossed the particle boundary in particle 1 and 2 

ran along the other particle-boundary interface (the uncovered particle 1 is marked 

in red).  

 (SEM micrographs courtesy of Dr. Yoji Mine, Kumamoto University) 

As the type-1 boundaries are only a few tens of nanometres in thickness, it is 

hard to tell whether the fracture occurred in the boundary or at the particle-

boundary interface. The fracture surfaces in Figure 8.8c and d belong to the 

same specimen containing a type-3 boundary and show three particles. In Fig-

ure 8.8c, particle 1 and 2 are partially covered by a particle boundary (marked 
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in red in particle 1), whereas particle 3 is fully covered with the particle bound-

ary. In Figure 8.8d, the opposite is the case (the uncovered particle 1 is marked 

in red). This indicates that the crack first ran along the particle-boundary inter-

face, particularly on particle 3. In particle 1 and 2, though, the crack crossed 

the boundary, ran along the other particle-boundary interface dividing the par-

ticle boundary in two parts. This shows that the ductile boundary layers can 

also crack.  

The tension-compression asymmetry observed at the macroscale with stresses 

approximately three times higher in compression than in tension [35] is also 

present at the microscale. In compression loading at the microscale, the failure 

strength is dominated by the strength of the iron particles while in bending, the 

tensile stresses at the upper side of the cantilever determine the failure in the 

boundary. In the microtensile tests from section 6.6, specimens containing a 

type-2 and a type-3 boundary were tested. Similar stresses of 66.6 MPa and 

70.3 MPa are obtained for the specimens containing a type-2 and type-3 bound-

ary, respectively. The microtensile test strengths correspond to the macro-

scopic tensile test strength of ~ 60 MPa [35]. The strength in tension is approx-

imately seven times lower than in compression at the microscale.  

Due to the different mechanical behaviour of the types of particle boundaries, 

the distribution of the particle boundaries in the SMC seems to be critical. In 

macroscopic four-point bending, higher forces are obtained in fully oxidised 

SMC compared to partially oxidised SMC. Moreover, Somaloy 500, reaches 

only strength values about a magnitude lower. In chapter 7, the load-displace-

ment curves of partially of fully oxidised SMC were determined according to 

the SEVNB method. Specimens A and B covering a transition region with 

gradual increase or decrease of oxidation are very similar which explains the 

identical crack propagation and the similar mean forces of the partially oxi-

dised SMC. The relatively high scatter of the force-displacement curves shown 

in Figure 7.3 correlates to the heterogeneity of the material and may be reduced 

by a larger set of experiments for a more quantitative analysis. The fully oxi-

dised SMC reached higher loads than the partially oxidised SMCs which shows 

the strengthening effect of a higher number of type-4 boundaries. Figure 8.9 

compares the force-displacement curves of both fully and partially oxidised 
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SMC to a typical curve for Somaloy 500 [32]. The curve progression of both 

SMC strongly differs, particularly the maximum force of Somaloy 500 is with 

about 36 N almost a magnitude lower. For Somaloy 500, the SEVNB method 

was used. The specimens of a larger geometry as in this study (45 x 4 x 3 mm3) 

were tested in a four-point bending setup with an inner span of 20 mm and an 

outer span of 40 mm at a cross head speed of 0.05 mm/min. It is reported that 

the crack growth started at the maximum load for Somaloy 500. In Somaloy 

700 3P, however, the crack formation sometimes started at earlier stages as 

observed in the videos from the CCD camera.  

 

Figure 8.9:  Force-displacement curve for Somaloy 500 and fully and partially oxidised So-

maloy 700 3P. Fully oxidised Somaloy 700 3P reaches the highest forces whereas 

Somaloy 500 sustains by far the lowest force. The data for Somaloy 500 are replot-

ted from [32]. 

The fracture surfaces of micro- and macromechanical tests appear similar for 

type-1 to -3 boundaries. Type-4 boundaries show a different fracture surface 

at the macroscale. For type-1 to -3 boundaries, the same smooth fracture sur-

faces and cracks were observed in macroscopic four-point bending as well as 



8.1  Deformation and Fracture Properties of Somaloy 700 3P at Different Scales 

99 

in microtensile and microcompression testing. Type-4 boundaries showed a 

ductile behaviour at the microscale and could not be tested up to failure. In 

macroscopic four-point bending, a bridging effect was observed only for type-

4 boundaries. It is argued that the bridge is formed only at type-4 boundaries 

because the adhesion between the iron particle and the iron oxide layer is 

stronger than the adhesion between the particle and the phosphorous layer. The 

additional porous iron oxide layer may increase the adhesion between the par-

ticles and the other boundary layers and, thus, cause the bridging leading to the 

more ductile behaviour of the type-4 boundary (see Figure 8.10). Further in-

vestigations have to be done to identify the chemical composition of the bridge 

but it may be argued that the bridge is formed by the ductile boundary layers 

themselves.  

 

Figure 8.10:  SEM micrograph of a bridge in a crack of a type-4 boundary from a fully oxidised 

four point bending test specimen after testing. 

The strength-enhancing effect of the type-4 boundary was not only observed 

at the microscale but also on the macroscale.Four-point bending tests were  
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performed in chapter 8 on fully and partially oxidised specimens. Using these 

results and the standard SEVNB method [88], the preliminary stress intensity 

factor KQ can be calculated. The KQ for fully oxidised SMC is  

3.65 ± 0.43 MPa√m and for partially oxidized SMC it is 3.00 ± 0.28 MPa√m. 

Figure 8.11 compares the KQ to the fracture toughness of Somaloy 500.  

 

Figure 8.11:  The preliminary stress intensity factor of a Somaloy 700 3P in fully and partially 

oxidised state is compared with the fracture toughness for Somaloy 500 from [32]. 

The latter was annealed at 500°C for 30 min in air (labelled with C) or at 220°C for 

60 min in air (labelled with D). They were also compressed to a green density of 

either 7.35-7.40 g/cm3 (labelled with “+”) or 7.2 g/cm3  (labelled with “-”). 

Four different states of Somaloy 500 were investigated in [32]: the specimens  

labelled with C were heat treated at 500 °C for 30 min in air whereas specimens 

labelled with D were heat treated at 225 °C for 60 min in air. Specimens 

marked with “+” had green densities of 7.35-7.40 g/cm3 and specimens  

labelled with “-” had green densities of 7.20 g/cm3. Furthermore, two different 

methods were used to introduce the notch: the laser cut method or the razor 

blade method. C specimens have the lowest fracture toughness with a maxi-

mum fracture toughness of 1.85 ± 0.12 MPa√m using the laser cut method.  

The heat treatment obviously strongly influences the fracture toughness  
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shown by the D specimens which have a maximum fracture toughness of  

3.04 ± 1.15 MPa√m using the razor blade method. These values are in the 

range of the Somaloy 700 3P specimens. In [33], the annealing temperature for 

Somaloy 700 3P was increased from 530 °C to 700 °C. The structure of the 

boundary layer changed from amorphous to crystalline definitely changing the 

mechanical properties of the boundary. Thus, changing the green density, pres-

sure or annealing temperature leads to a completely new spectrum of boundary 

structures with new unique properties. 

The comparison of the force-displacement curves and the calculated prelimi-

nary stress intensity values of Somaloy 700 3P and the fracture toughness of 

Somaloy 500 [32] allows for quantifying the role of the type-4 boundary for 

the fracture toughness. Assuming a linear behaviour and thus a dominance of 

the type-4 boundary, the fracture toughness for an ideal SMC solely consisting 

of type-4 particle boundaries would be 4.86 MPa√m as shown in Figure 8.12. 

The estimate is based on only three datapoints. One data point is even taken 

from Somaloy 500 [32]. However, there is some theoretical support that the 

extrapolation is valid. In principle, one could analyse the influence of the dif-

ferent types of particle boundaries on the fracture toughness with the help of 

an adjusted rule of mixture. In [120], the fracture toughness for a metal-ceramic 

functionally graded material (FGM) is determined by a rule of mixture: 

       ceram

ICm

metal

ICmIC GxVGxVxG  1
  (8.1) 

where GiC(x) is the critical energy release rate of the FGM, 𝐺𝐼𝐶
𝑐𝑒𝑟𝑎𝑚 and 𝐺𝐼𝐶

𝑚𝑒𝑡𝑎𝑙 

are the critical energy release rates of the ceramic and metal, respectively, and 

Vm(x) is the volume fraction of the metal. This rule holds for cracks which grow 

through both the metal and ceramic phases without any debonding. The metal 

phase fractures in a brittle manner. If the metal grains are considerably larger 

than that of the ceramic in the FGM, a crack bridging concept can be applied 

leading to an R-curve behaviour. For Somaloy 700 3P, there is a transition 

from brittle type-1-3 boundaries to the ductile type-4 boundary and vice versa. 

With this approach, the dominance and importance of the type-4 boundary 
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could be analysed. The difference between the brittle types of particle bound-

aries may also be considered. In addition, it could be possible to observe an 

R-curve behaviour for type-4 boundaries as crack bridging was observed (see 

Figure 8.10).  

For the material design of a complex composite, i.e. Somaloy 700 3P, another 

useful approach is to consider the critical flaw size. The critical defect size ac 

can be estimated rearranging equation (2). As the SMC exhibits a strong ten-

sion-compression asymmetry, two different yield strengths are used which 

were obtained from tension and bending all performed at the macroscale. K1C 

and Y are taken from this work, whereas the tension and bending strengths are 

taken from literature [95]. 

 

Figure 8.12:  Estimation of the influence of the percentage of type-4 boundaries in Somaloy 

700 3P on the fracture toughness. The fracture toughness of Somaloy 500 is taken 

from [32]. 

The critical flaw sizes in tension and bending are then: 

ma
tensionc 1925

  (8.2a) 



8.1  Deformation and Fracture Properties of Somaloy 700 3P at Different Scales 

103 

ma
bendingc 520

  (7.2b) 

Considering that 68% of all particles of Somaloy 700 3P are between  

150-425 μm, the defect size in tension and bending is larger than the iron par-

ticles themselves. Also, the defect sizes are almost two magnitudes larger than 

the boundary thickness which is approximately between 20 nm and 1 μm  

depending on the type of boundary. This explains that on the microscale, the 

measured strengths are considerably higher.  

The estimate of the fracture toughness of Somaloy 700 3P and its correspond-

ing critical crack length shows that compared to Somaloy 500, the additional 

particle boundary leads to an improvement of the mechanical properties of the 

SMC. However, even the estimated fracture toughness for a hundred percent 

type-4 boundaries lies only in the regime of a tough ceramic. This leads to the 

conclusion that there is a natural limit to the improvement of the mechanical 

properties of the Somaloy 700 3P. 

The distribution of the types of particle boundaries within the SMC plays an 

important role for the mechanical properties of the SMC. The point count 

method is a very simple and straightforward method to describe the distribution 

of the particle boundaries within a specimen. As shown in section 5.4, SEM 

images of a large enough resolution were taken along a cross section of a par-

tially oxidised SMC. A grid of points was laid onto the images and the points 

that hit a boundary were categorised according to the type of boundary. As the 

mechanical properties of the different types of particle boundaries themselves 

clearly vary in bending, tension and compression on the microscale, local  

mechanical variations may be identified with the help of the point count 

method. It could also give valuable information for designing and modelling 

electrical machines. As an example, a full oxidation of a complex device may 

not be guaranteed during processing. The distribution of the types of particle 

boundaries can be identified by the point count method. If a region of a high 

content of brittle particle boundaries with reduced mechanical properties is lo-

cated in a part of a component locally experiencing higher loads, device failure 

might occur. The device can be optimized by changing the design or adjusting 
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the processing parameters and, thus, assuring a higher concentration of type-4 

boundaries in areas of high mechanical loading.  

8.1.3 The Influence of Pores on the Mechanical 

Behaviour of Somaloy 700 3P at the Micro-  

and Macroscale 

Pores in general influence the mechanical properties of a solid material by usu-

ally reducing its mechanical resistance. In the SMC, the full scale of pores from 

a few tens of nanometres up to large, macroscopic pores were found (see Fig-

ure 8.13). The size of the macroscopic pores even reaches the millimeter range. 

Those pores can be partially filled with randomly distributed boundary layers. 

Micron-sized pores occur between particles and in the middle of a boundary 

layer, whereas nano-sized pores are found in the iron oxide layer of the type-4 

boundary (see Figure 8.14a). Small pores also occur in the bulk particles (see 

Figure 8.14b and c). 

 

Figure 8.13:  Full range of particle boundaries that are present in Somaloy 7000 3P: from mac-

roscopic pores over micron-sized pores up to nano-sized pores in the boundary lay-

ers. The macroscopic pores and micron-sized pores may be unfilled or partially 

filled with boundary layers. 
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Three different behaviours of the pores were found: i) they contribute to the 

mechanical failure, ii) they do not affect the failure at all and iii) they enhance 

the mechanical properties of the particle boundaries. 

In macroscopic four-point bending, the expected mechanical impact of the 

pores is observed: macroscopic pores contribute to the failure of the material 

(see section 7). The crack propagates along the particle boundaries and favours 

weak particle boundaries and the macroscopic pores because of the lower en-

ergy needed (see Figure 7.1 and Figure 7.2). In microcompression, the pillars 

with particle boundaries sometimes contained pores of different sizes (see sec-

tion 6.4). Although the particle boundaries are not involved in the slip defor-

mation, the presence of pores changes the overall mechanical response of the 

pillar. If the volume of a pore is large enough, it reduces the mechanical 

strength drastically up to a complete failure of the pillar (see Figure 6.6).  

A similar behaviour was found in the microtensile tests in section 6.6. In the 

microtensile test specimen with a type-2 boundary, failure did not occur at the 

expected boundary. Instead, the combination of a type-1 boundary with a pore 

was favoured in comparison to the solid type-2 boundary. One reasons why 

this combination was favoured is that in microbending, a type-1 boundary  

was shown to endure only about half the failure strength of a type-2 boundary 

(section 6.5). 

In contradiction, pores also do not take part in a deformation mechanism at all. 

The small pores in the bulk particles do not influence any type of microme-

chanical testing (see Figure 8.14b and c). A microcantilever with a type-4 

boundary and a pore did not fail (see Figure 8.14a). In general, in compression 

and bending at the micro-scale, the micro- and nano-sized pores were not ob-

served to affect the mechanical behaviour. 

The nanometre-sized pores in the additional iron oxide layer of a type-4 bound-

ary forming between the particle and the phosphorous layer, contribute to the 

ductile behaviour of the particle boundary. In microcantilever bending, the 

cantilevers with mixed type-3/type-4 boundaries failed at the type-3 boundary 

interface whereas the type-4 boundary interface remained unaffected (see sec-

tion 6.5). In microtensile testing, a bridging effect was observed only for type-4 

boundaries with the assumption that the porous iron oxide layer of the type-4 
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boundary is responsible for the bridging effect (see Figure 7.2 and Figure 8.10). 

It may be argued that either the pores actively support the adhesion effect of 

the iron oxide layer or the layer itself causes the improved particle- boundary 

interface. Further investigations with micro-tensile tests or a higher resolution 

camera for the four-point bending tests are needed to describe the adhesive iron 

oxide layer of the type-4 boundary. 

Although the porous iron oxide layer of the type-4 boundary is not a hierar-

chical porous structure, its possibly strength-enhancing effect may be com-

pared to the findings in nature and other porous materials. Natural materials, 

e.g. wood or bone, typically contain hierarchical porous structures offering out-

standing mechanical properties which surpass the properties of the constituent 

materials [121]. In [122], it is described how natural materials are insensitive 

to flaws at the nanoscale due to their hierarchical structure. Inspired by these 

natural structures, gradient porous structures are fabricated from polymers, 

metals, ceramics and polymers with improved thermal and mechanical proper-

ties. As an example, a graded micro- to nanoporous foam of a stiff polymer 

such as poly(methyl methacrylate) (PMMA) was observed to have an increas-

ing storage modulus with increasing pore-area fraction [121]. Another example 

is a nanoporous open-cell gold foam. The strength of the foam is not only con-

trolled by its relative density but also by its ligament size at the nanoscale. 

Grain boundaries and surfaces may give a similar strengthening behaviour 

[123].  



8.1  Deformation and Fracture Properties of Somaloy 700 3P at Different Scales 

107 

 

 

Figure 8.14:  a) SEM micrograph of nano-sized pores of the iron oxide layer of the type-4 bound-

ary and some micron-sized centre pores in the middle of the second iron-oxide layer 

of the boundary. b) small pore in the bulk of a uncompressed particle of Somaloy 

700 3P. c) micropillar containing a small pore in the bulk iron particle. 

8.1.4 Concluding Remarks 

Section 8.1 addressed the mechanical properties of an SMC regarding its par-

ticles, particle boundaries and pores at different length scales. The particles 
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seem to contain several grains with a pronounced subgrain structure due to 

compaction and are softer than the particle boundaries. 

 A model was developed to describe four different types of particle boundaries 

with distinctive mechanical properties at the micro-scale. It is argued that the 

boundary layers are hard but not very brittle and generally strengthen the 

SMCs. The particle-particle boundary interface critically contributes to the 

failure. Type-4 boundaries have a ductile particle-boundary interface due to its 

additional porous iron oxide layer.  

Pores are found in both particles and boundaries and range from nano- to mil-

limetres in size. They either do not take part in the deformation or failure mech-

anism, actively cause failure or even appear to be strength-enhancing at least 

to some extent at the nanoscale.  

The tension-compression asymmetry at the macroscale is also found at the mi-

croscale. The iron particles determine the failure strength in compression 

whereas the particle boundaries determine the failure in tension.  

Although the preliminary fracture toughness of Somaloy 700 3P is higher than 

the fracture toughness for Somaloy 500, it is generally in the regime of a tough 

ceramic. There is a natural limit of the mechanical properties of the whole SMC 

which is related to the properties of its boundaries. 

8.2 Critical Evaluation of Macro- 

and Micromechanical Testing 

Methods on SMCs 

Complex materials consisting of several components require the analysis of 

each individual component in order to understand the underlying deformation 

and fracture mechanisms. This applies to Somaloy 700 3P whose particles and 

particle boundaries were tested separately in order to explain the microscopic 

and macroscopic mechanical behaviour of the material. The complexity of the 

material makes macroscale and small scale testing difficult. The main points 
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addressed in this section are the preparation of sample for micro- and macro-

mechanical testing and the testing methods themselves.  

8.2.1 Sample Preparation for Micro- and 

Macromechanical Testing 

The preparation of mascroscale four-point bending specimens seems straight 

forward but requires some caution when choosing the samples and preparing 

the notch. The 9mm thick LTRS-bars were cut in the middle to produce the 

bending specimens A and B as shown in Figure 3.3. The Point Count Method 

showed though, that specimens A and B both cover a transition region, i.e. a 

gradual decrease or increase of oxidation. This leads to the very similar force-

displacment diagrams in Figure 7.3. In order to analyse only the core and thus 

a region with almost no oxidation, the specimen needs to be cut out of the 

middle of the LTRS-bars. It is recommended to first analyse the oxidation gra-

dient by the suggested Point Count Method and then to choose the specimens. 

The razor blade method is used to introduce a sharp notch in brittle materials 

and the crack is supposed to start from the notch root. In Somaloy 700 3P, the 

crack does not start at the sharp notch root but at the particle boundaries. Figure 

8.15 shows both fracture surfaces side a and side b of the same specimen after 

testing. Although the razor blade notch was straight and smooth, the seemingly 

“rough” notch root shows that the crack was not initiated at the root but ran 

along the particle boundaries. The problem of notching was already stated in 

[113] for powder green compacts and a preparation method was suggested for 

Somaloy 500 in [32] which was used in this work. However, both did not polish 

the surface to see the crack propagation. Both polishing the specimen surfaces 

and investigating the fracture surfaces after testing reveal that the crack does 

not start at the notch root. 
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Figure 8.15:  a) Fracture surface of a razor blade notched specimen. Although the razor blade 

notch is sharp, the crack ran along the particle boundaries, b) Other side of the same 

specimen. The measured crack length here is different than on the other side indi-

cating that the crack did not run through the notch root.  
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The surface preparation of SMC for micromechanical testing is difficult be-

cause of the soft iron particles and the brittle boundary interfaces. A convincing 

method was found by combining mechanical polishing and ion beam polish-

ing. Chapter 4 describes the preparation methods used in this work. Mechanical 

polishing only does not lead to a satisfactory surface quality. Although better 

results are obtained when using a chemo-mechanical end polishing treatment 

compared to a pure mechanical polishing step, the boundary layers always 

form a kind of relief (see section 4.1). Mechanical polishing leaves a defor-

mation layer of about 245 nm which influences nanoindentation measurements 

(see section 4.3). In previous works on Somaloy 500 and 700 3P, etching, elec-

trolytic polishing [33] or simple chemo-mechanical polishing [17] were used 

for preparation. All methods caused a strong surface relief. For ESBD meas-

urement, it results in large unidentified areas (see Figure 1.8). Figure 8.16a 

shows a bright field image of Somaloy 700 3P etched with 3% nitric acid. The 

particle boundaries are attacked more by the acid causing a strong relief in the 

particle boundaries making the identification of individual layers difficult. A 

polishing with alumina-based fine-grained suspension as end polishing step 

(see step 7b, Table 3.3 and Figure 8.16b) does not show such a pronounced 

relief. The individual boundary layers can be identified. Both planar and cross-

sectional ion beam polishing were shown to be successful for exposing the real 

microstructure and for smooth surfaces for reliable ESBD investigations but 

only if best-practice procedures are followed. Otherwise, it results in an over-

etching at the particle boundaries and even at the particles. The recommended 

preparation method is a mechanical polishing up to 0.25 μm with an alcohol-

based diamond suspension and an oil-water based lubricant and a ion beam 

polishing without a cleaning step and a voltage of 4k V for 5 h at an angle of 

10.5° for planar ion beam polishing (procedure D, see section 4.2). The defor-

mation layer observed after mechanical polishing can be completely removed 

by ion beam polishing.  
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Figure 8.16:  a) Bright field light microscopy image of Somaloy 700HR-3P etched with 3% nitric 

acid [33], b) SEM image of Somaloy 700 3P after polishing with an alumina-based 

fine-grained suspension.  

Not only the surface preparation requires certain skills but the fabrication of 

the micro test structures is also difficult. All methods are time-consuming and 

selecting the position of the particle boundaries in the test structure is not 

straight-forward. On the one hand, it was easy to place a test structure because 

the particle boundaries are visible on the well-polished surface. On the other 

hand, the progression of the boundary in the volume was always unknown. In 

microcompression tests, most of the particle boundaries lie in the upper third 

of the prepared pillar and also contained pores and different types of particle 

boundaries (see Figure 8.6). In the microcantilevers, the position of the particle 

boundaries was not perpendicular to the surface and their position within the 

cantilever varied (see Figure 6.7). In microtensile testing, similar problems oc-

curred considering the position of the particle boundaries within the tensile 

specimen, but in this case the surrounding material also influenced the tests. It 

is nonetheless possible to produce tests structures on complex materials such 

as the SMC. Test structures on materials such as nanoporous open cell foams 

[123] and ceramic matrix composites [124] were also successfully produced 

and tested. For the latter, the structure of the composite was more ordered com-

pared to the SMC making it possible to place SiC fibres within a SiC matrix 

along the shear plane in a micropillar in order to test the properties of the fibre-

matrix interface.  
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8.2.2 Macroscopic Four-Point Bending Tests 

There are two restricting effects to the method used for calculating the fracture 

toughness of Somaloy 700 3P: i) the notch root does not fulfil the requirements 

of the method and ii) not all of the particles are brittle. In this work, the SEVNB 

method was used for preparing test specimens and calculating the fracture 

toughness. As explained in section 8.2.1, the introduction of a crack at a spec-

ified notch root was not possible for Somaloy 700 3P affecting the calculation 

of the fracture toughness. As stated by equations (10)-(12) in section 3.12, the 

crack must fulfil certain conditions so that the testing method is valid [89]. 

When determining the crack lengths according to equation (10) and (11), side 

b fails the criteria but side a is valid (see Table 8.1). This shows how important 

a precise notch root is for calculating the fracture toughness. There will be a 

certain error due to the poor quality of the notch root.  

Table 8.1: Criteria for determining the crack length. 

Criteria side a valid side b valid 

 
3

321 aaa
a


  1123 nm  1063 nm  

 
1.0minmax 



a

aa
 0.04 yes 0.12 no 

3.02.0 
W

a
  0.28 yes 0.26 yes 

 

At first, the particle boundaries were assumed to be brittle. Because of that, an 

approach for brittle i.e. ceramic material was chosen to determine the fracture 

toughness. The type-4 boundaries, though, show a ductile behaviour changing 

the approach to calculate a fracture toughness. For applying LEFM, a purely 
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brittle behaviour of the material is required. Although the type-1 to 3 bounda-

ries are brittle, the type-4 boundary behaves in a ductile manner and its impact 

on the fracture toughness is not fully investigated yet as stated in section 8.1.2. 

Even crack bridging was observed in the macroscopic four-point bending tests 

which would suggest an R-curve behaviour of the type-4 boundaries. It is none-

theless possible to give a rough estimation of the fracture toughness of  

Somaloy 700 3P in terms of a preliminary stress intensity factor KQ calculated 

by the SEVNB method.  

8.2.3 Nanoindentation 

Nanoindentation on a complex material such as SMC can be performed if cer-

tain aspects are considered: the influence of a possible deformation layer from 

sample preparation and the influence of the subsurface. Ion beam polishing is 

required to fully remove the deformation layer from mechanical polishing. The 

best-practice polishing method (procedure D) leads to a smaller indentation 

size effect than polishing methods that did not remove the deformation layers. 

At lower indentation depths, the effect is even more pronounced. The subsur-

face of the SMC strongly influences the nanoindentation measurements. In sec-

tion 6.2, the indentation along a boundary showed that both hardness and 

Young’s modulus are significantly lower for three specific indents. The cross 

section through one of these indents reveals a large pore placed directly under-

neath the indent (see Figure 8.17). This explains the drops in both hardness and 

Young’s modulus. Thus, the measured values are not boundary-specific but 

highly influenced by the subsurface. In general, such indentation results must 

not be included in an evaluation without a thorough local investigation of the 

material tested. It is difficult to resolve boundary-specific properties with 

nanoindentation. [41] 
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Figure 8.17:  Indent 9 clearly hit the boundary and yielded a much reduced hardness and modu-

lus. Cross-sectional analysis of indent 9 revealed a large pore underneath the indent 

which very likely caused the decrease in mechanical properties [41] 

The influence of the subsurface is also observed when measuring bulk particles 

by nanoindentation. Figure 8.18a replots the data from Figure 6.2 in form of a 

hardness map for an indentation depth of 300 nm. While the deformation layer 

was removed by the procedures provided in this work, the influence of the 

subsurface cannot be removed. Figure 8.18b shows the stiffness squared over 

force over displacement diagram. This ratio can be used to find the machine 

compliance and to calibrate the area function when using the CSM method 

[125]. Plotting the parameter over the displacement should result into a flat 

curve, as the ratio only depends on the reduced modulus and hardness. Thus, 

the ratio provides a method to reassure if the machine compliance is correctly 

analysed. All curves that do not reach a plateau value must be tagged because 
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the subsurface influenced the measurement. Removing all the affected meas-

urements, only 42 indentations are left that showed no influence of the subsur-

face (see Figure 8.18c). Although the CSM method can be used to determine 

the hardness of the bulk particles, it is not possible to resolve subgrain struc-

tures formed during compaction. In [17], nanoindentation was used to identify 

the recovery progress of the compressed bulk iron particles of an SMC of the 

Somaloy family for different annealing temperatures. The samples were 

chemo-mechanical polished and indented with an indentation depth of 200 nm 

with an unspecified method. From the experiences collected in this work on 

indenting a SMC, there are two remarks: i) the used preparation method and 

the indentation depth of 200 nm leads to higher hardness measurements and ii) 

the measurements vary if the quasi-static method or CSM method is used. In 

[17], the method was not specified, but in this work the CSM method was used. 

In [126], the CSM method is critically reviewed. While measuring the hardness 

and Young’s modulus of a material by the CSM method, there can be a signif-

icant error for material with a high contact stiffness. The hardness is particu-

larly sensitive to this problem. In [127], a significant hardness decrease is  

reported especially for indentation depths below 200 nm when using the CSM 

method compared to the quasi-static measurement. So indentation measure-

ments below 200 nm are difficult and it is thus not possible to identify a sub-

grain structure within the deformed iron particles resulting from deformation 

processes. 
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(Figure 8.18 continued on next page) 
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Figure 8.18:  a) Hardness map for a 10 by 10 indent field at an indentation depth of 300 nm in 

an iron particle of the SMC with the CSM method with the influence of the subsur-

face. b) Stiffness squared over load vs. displacement into surface. All measure-

ments that do not reach a plateau value must be tagged. c) Only 42 indents were 

left after removing the measurements influenced by the subsurface. 

8.2.4 Microcompression Testing and 

Microcantilever Bending Testing 

With micromechanical testing, a large amount of qualitative information on 

the mechanical behaviour of SMCs can be collected; however, it is difficult to 

obtain quantitative data for such complex materials. The quantitative analysis 

is restricted e.g. by the complexity of the material, by limited sample geome-

tries, by the amount of specimens needed, by the amount of material required 

and by efficiency considering time and costs. 

When performing small-scale testing, there are also some challenges with the 

test methods themselves. In microcompression, the effect of the taper and the 
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subsurface are neglectable for measurements on Somaloy 700 3P. The pillar 

geometry in terms of taper and aspect ratio, the influence of the substrate, the 

possible influence of a gallium contamination of the specimen due to FIB fab-

rication and the misalignment or friction between indenter and pillar are of 

concern (see section 3.10). Equation (3) compensates the effect of the substrate 

and the taper of the pillar. Figure 8.19 shows an engineering stress – engineer-

ing strain curve for a pillar prepared in the bulk. The red curve represents the 

corrected measurement according to equation (3). For the measurements in this 

work, the correction is not even needed as the deviation of corrected and un-

corrected curve lies in the scatter of the tested micropillars. This also supports 

the good quality of the performed experiments and makes evaluation straight-

forward and simple. 

 

Figure 8.19:  Engineering stress-engineering strain curve for a pillar in the bulk iron particles of 

Somaloy 700 3P with and without the correction of several constraints. 

In microcantilever bending, there are more constraints. The aspect ratio of the 

fabricated microcantilevers from Somaloy 700 3P is below 6 meaning that the 
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simple beam theory cannot be applied and a quantitative analysis of Young’s 

modulus is not possible. The effect of the indentation mark on the microcanti-

lever can be neglected. It is nonetheless possible to obtain qualitative infor-

mation about the mechanical behaviour of the bulk particles and the different 

types of particle boundaries. In order to apply simple beam theory on micro-

cantilevers, the loaded beam length L must be increased so that the effect of 

the slope becomes less important. This condition is fulfilled if the aspect ratio 

of the cantilevers is larger than 6. Methods for estimating the curvature effect 

about a point loading on a cantilever beam were given in [68, 109, 110]. In 

[68], a method was described to analyse the anisotropy in Young’s modulus of 

copper by microcantilever bending (see also section 3.10) which was also used 

in this work and others. Triangular shaped microcantilevers with an aspect ra-

tio larger than 6 are fabricated from copper. The cantilevers are either single 

loaded or multiple loaded. The beam compliance is approximated by 
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  (8.3) 

where C is the Compliance, E Young’s modulus, Iy the moment of inertia, L 

the length from beginning of the cantilever to the loading point and m0 the 

slope at the fixed end due to unit bending moment. The loaded beam length L 

must be increased so that the effect of the slope, i.e. the m0-term, becomes less 

important and the simple beam theory can be applied. To test this behaviour 

on pure iron particles of Somaloy 700 3P, microcantilevers were fabricated in 

the bulk particles. The aspect ratios of the prepared were between 1 and 6. 

Larger aspect ratios and more experiments would be necessary to prove a dom-

inance of the L3-term and thus fulfil simple beam theory which assumes long, 

slender beams. 

The influence of the imprint of the wedge tip may affect the bending measure-

ment, but on Somaloy 700 3P the effect is neglectable. The maximum meas-

ured load on single-loaded microcantilevers is about 0.4 mN. For testing the 

influence of the wedge tip, it was indented in a bulk iron particle and the load-

displacement curve for this experiment is given in Figure 8.20. For a maximum 
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load of 0.4 mN, the wedge indents the cantilever about 60 nm. The maximum 

compliance of a single-loaded microcantilever was 0.0028 m/N which corre-

spond to a force of 0.071 mN when deflected by 2000 nm. There is thus no 

influence of the wedge on the measurement. 

 

Figure 8.20:  Load versus displacement curve of the wedge tip indented into a bulk iron particle 

of Somaloy 700 3P. 

8.2.5 Concluding Remarks 

This section addressed the challenges of the micro- and macromechanical test-

ing of the complex composite powder metal Somaloy 700 3P. All methods 

required a careful sample handling considering cutting, placement and metal-

lographic preparation. The examined surfaces must be at least mechanically 

polished for macromechanical testing and ion beam polished for micromechan-

ical testing in order to reveal the microstructure in terms of particles, pores and 

particle boundaries.  
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Macroscopic four-point bending tests on Somaloy 700 3P required a careful 

preparation of the notch for which no suitable method is found yet. The 

SEVNB method may not be applicable to Somaloy 700 3P because the type-4 

boundaries behave ductile and thus may show an R-curve behaviour. Nonethe-

less, a preliminary fracture toughness could be estimated. Furthermore, the nat-

ural limitation of the mechanical properties of Somaloy 700 3P is given by the 

properties and number of the type-4 boundaries.  

In nanoindentation, the subsurface and a possible deformation layer from pol-

ishing influence the measurements. These influences can be easily eliminated 

by a proper sample preparation and a careful data evaluation. Quantitative data 

for Young’s modulus and hardness can, thus, be determined. For microcom-

pression, the testing method is simple to implement and also delivers quantita-

tive results. For microcantilever testing and microtensile testing, the methods 

are reliable and a qualitative evaluation is possible. 

The findings on the microscale and the knowledge of the mechanical properties 

at the macroscale can be combined though only a qualitative understanding  

of the size effects particularly in deformation and fracture mechanism can be 

obtained. 
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9 Summary 

Soft Magnetic Composites (SMC) are important materials for the fabrication 

of electric machines. They consist of pure iron particles which are coated with 

an organic or inorganic layer. The particles are compressed and then heat 

treated. In this research work, the commercially available Somaloy 700 3P was 

investigated because it does not only have the unique magnetic properties of 

an SMC but also shows improved mechanical properties compared to other 

magnetic powder metals. During the heat treatment in water-vapour, Somaloy 

700 3P forms an additional iron oxide layer which is responsible for the  

enhanced mechanical properties. The analysis of these boundaries requires  

micro-mechanical testing.  

The preparation of complex composites such as the Somaloy 700 3P is quite 

difficult as this SMC consists of soft iron particles and brittle boundaries. A 

preparation method for micro-mechanical testing was developed in this re-

search work. It consists of mechanical polishing and a consecutive ion beam 

polishing to reveal the real microstructure of the SMC.  

The material was characterised by light microscopy, SEM, TEM, EDX and 

EBSD. With the combination of all of these methods, a model was developed 

to describe four different types of particle boundaries with distinctive mechan-

ical properties at the micro-scale. The particle boundaries consist of several 

different layers containing phosphorous, oxygen and iron and show an increas-

ing complexity depending on the degree of oxidation. The particles contain 

several grains with a pronounced subgrain structure. Pores are represented in 

the material from the nano- up to the millimetre scale. 

The micromechanical properties of Somaloy 700 3P were investigated by 

nanoindentation, microcompression, microcantilever bending and microtensile 

testing. The particles are softer than the particle boundaries. It is argued that 

the boundary layers are hard but not very brittle and generally strengthen the 

SMCs. The particle-particle boundary interface is critical in terms of failure. 

Pores do not take part in the deformation or failure mechanism, actively cause 
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failure or even appear to be strength-enhancing at least to some extent at the 

nanoscale. The tension-compression asymmetry described at the macroscale is 

also present at the microscale. The particles determine the failure in compres-

sion whereas in tension, the particle boundaries determine the failure strength. 

The preliminary fracture toughness of Somaloy 700 3P is higher than the frac-

ture toughness for Somaloy 500. However, even with a 100 percent of type-4 

boundaries, the fracture toughness of Somaloy 700 3P would be only in the 

regime of a tough ceramic giving a natural limit of the improvement of the 

mechanical properties. Besides the material characterisation and the analysis 

of the mechanical properties of Somaloy 700 3P, the sample preparation was 

also part of this work. All methods required a careful sample handling consid-

ering cutting, placement and metallographic preparation. The examined sur-

faces must be at least mechanically polished for macromechanical testing and 

ion beam polished for micromechanical testing in order to reveal the micro-

structure in terms of particles, pores and particle boundaries.  

The SEVNB method used in macroscopic four-Point bending testing may not 

be applicable to Somaloy 700 3P because its type-4 boundaries show a ductile 

behaviour. Nonetheless, a preliminary fracture toughness could be estimated.  

In nanoindentation, the subsurface and a possible deformation layer from pol-

ishing influence the measurements. These influences can be eliminated by a 

proper sample preparation and a careful data evaluation. Young’s modulus and 

hardness were determined for the particles. The particle boundaries are not re-

solvable in nanoindentation. 

For microcompression, the testing method is simple to implement and also de-

livers quantitative results. The influence of the substrate and the taper of the 

pillar were neglectable. For microcantilever testing, only qualitative results 

were obtained. The imprint of the wedge did not influence the measurements. 

In conclusion, the methods are all applicable to Somaloy 700 3P. With a careful 

sample preparation, quantitative results can be obtained. Furthermore, the 

combination of micro and macroscale results is also possible, though it only 

leads to a qualitative understanding of the size effects, particularly for defor-

mation and fracture.  
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ers. All tests on both micro- and macroscale showed that the particle-boundary 
interface is critical in terms of failure. The boundary layers seem to be hard but 
ductile. The type-4 boundary showed unique ductile behaviour due to its ad-
ditional porous iron oxide layer.
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