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Abstract 

Fabrication of nanostructured materials is of outmost importance for future advanced 

materials. Nanostructurization of materials with structure sizes in the micrometer range and 

below can significantly alter mechanical and physical properties while using the identical 

chemical composition as their counterparts. Up to now there are only few approaches on 

synthesizing large amounts of bulk nanostructured materials and micromechanics of the 

fabrication process are not completely understood and characterized. 

This work develops and investigates a new production process for nanostructured pure iron 

via cryomilling using a SPEX freezer/mill. Based on the creation of an experimental design 

and the definition of a process protocol multiple sample series were fabricated to investigate 

influences of individual parameters. Laser diffraction analysis and scanning electron 

microscopy (SEM) were used to characterize powder evolution with varied milling times, 

milling loads and milling rates.  

It was found that increasing milling times promote a homogenization of the particle size 

distribution and the creation of nanoparticles due to brittle fragmentation triggered by the 

employed cryogenic temperatures. Increasing milling loads augmented the probability to 

create micrometer-sized particles. Lower milling rates increased plastic deformation 

processes and particle agglomeration mechanics during the milling process. 

Fabricated iron nanoparticles were used to synthesis bulk specimens by a cold and 

subsequent warm consolidation process. Created microstructure samples were analyzed by 

Vickers hardness micro indentation tests, by using optical microscopy and SEM and by 

electron backscatter diffraction. Vickers hardness was found to increase with milling time up 

to a maximum of 569 HV with a testing load of 0,02 kg. SEM analysis proved that former 

nanoparticles were conserved during the consolidation process forming grains with minimum 

grain sizes of less than 20 nm. Larger particles showed a plastically deformed grain structure 

with micrometer sized flattened grains including low angle grain boundaries. Those and the 

formation of a few nanograins inside former large particles were accorded to a severe plastic 

deformation process. Micro tensile testing was performed after heat treatment of 30 min at 

650°C. All samples showed a brittle fracture behavior that is most likely linked to compaction 

flaws like pores and other observed inhomogeneities. 
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1. Introduction 

In recent years nanocrystalline metals have been increasingly attracting scientific interest 

originating from their improved potential mechanical characteristics relative to conventional 

materials of similar composition [1]. In this context production techniques like equal channel 

angular pressing (ECAP) are very promising in order to obtain large samples, but up to now 

they are only able to produce ultrafine-grained materials. The principal way of producing bulk 

nanostructured materials is mechanical milling with an subsequent consolidation step [2]. In 

this case the as-milled powder can be described as spherical agglomerates with an internal 

nanostructure [3]. Many mechanical milling techniques have been developed and 

investigated such as mechanical ball milling which is the most common method. 

Cryomilling is a variation of mechanical milling that benefits from the cryogenic temperatures 

of liquid nitrogen (approximately 77K). This enables some significant advantages such as a 

reduced milling time, improved microstructure refinement and lower oxidation effects [4]. 

Most cryomilling related literature that is available focuses on ball mills or attritor, here we 

investigate a new cryogenic milling technique employing a shaker mill. 



8 Jonathan Germann AMASE Master Thesis 

 

 

 



Preparation of nanostructured iron by mechanical milling under cryogenic conditions  9 

 

2. Aim of the thesis 

The primary aim of this thesis is the development of a new powder metallurgical process to 

produce nanostructured iron powder via cryogenic milling, using the departments new SPEX 

Freezer/Mill. While recent publications already proved feasibility of such a process using 

other milling techniques, only few publications focus on the use of shaker mills. Therefore a 

major challenge of this work is the search for appropriate process parameters that lead to 

nanostructured iron powder. This includes the definition of a methodological protocol for the 

production of the powder and the characterization of the mechanical and physical properties 

of the powder itself and compact samples by using multiple analysis methods at the 

departments disposal.  
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3. Theoretical background 

The research undertaken for this thesis is highly specialized compared to the vast field of 

research in nanomaterials. To localize it in the field of research and to clarify its significance, 

it is important to know its theoretical basis. The following part is, therefore, dedicated to 

giving a theoretical overview of todays knowledgebase and theories that are touched by the 

research conducted, which in addition may prove significant to further research and 

applications.  

3.1. Nanostructured Materials  

In addition to carbon based nanomaterials like graphenes, fullerenes or carbon nanotubes 

that have gained much public interest in the last decades, a large number of materials whose 

physical properties where at least partially based on nano-sized structures, like perlit steels 

or semicristalline polymers, where already in use without counting them as nano- or 

nanostructured materials.  

3.1.1. History 

The interest in the properties, production and research of nanomaterials is not a new one. 

For almost a century, the existence of nanosized structures was proposed and observed. 

The realization that defects and phenomena happening at the nano-scale can crucially 

influence the properties of the entire material has transformed the research in this specific 

area into a main research field of today’s material science. [5]  

In 1919 Merica et al. proposed that the age hardening of AL-Cu-Mg-Mn alloys, as observed 

by Wilm in 1906, is a consequence of nanosized precipitations, which were later confirmed 

by transition electron microscopy (TEM) and X-Ray. [6]  

Those precipitates, which form with the surrounding matrix a supersaturated solid solution, 

are today known as Guinier Preston Zones (GP-Zones) and can be subdivided into GP 

Zones, GPII Zones (Θ’’) and metastable (Θ’) precipitates and usually have a thickness of 

around 10nm and a diameter of around 100nm. Their accidental introduction into aluminum 

revolutionized the aluminum industry because of their dramatic effect on the properties and, 

therefore, usability of aluminum.  
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Most of the research in the area of ultrafine grain sizes in the 1960s aimed to synthesize 

materials with higher strength, which were theoretically calculated following the Hall-Petch 

relationship of small grains, or tried to obtain a higher superplasticity following the 

assumption that smaller grains provoke a higher strain rate at which this effect is observed. 

Schladitz at al. produced the first real nanocrystalline metal with grain sizes of 5-20 nm in his 

attempt to create polycrystalline iron whiskers. [5]  

Real interest in the research of nanostructured materials was triggered in 1981 by Gleiters 

work on synthesizing nanostructured materials, using inert gas condensations techniques 

(IGC) and in situ consolidation [7], in which he managed to create a new class of materials 

with up to 50% of their atoms in the grain boundaries (see Structure and Properties section). 

Furthermore, Gleiter published the ground-laying paper “Nanocrystalline materials” in 1989, 

which furnished the first important overview over this new field of research. The importance 

of this paper is demonstrated by its more than 1300 citations. 

Since then, the questions about synthesis, characterization, processing, properties and 

potential applications of nanostructured materials has led to about 500 publications and 

many of different production methods. [5] 

3.1.2. Structure and Properties 

Nanostructured materials (NsM) are materials with a microstructure on the nanoscale. In the 

case of nanocrystalline materials, such as metals, this means that they are single or multi-

phase polycrystals with a grain size on the nano-scale, i.e., 1x10-9m – 250x10-9 m. The grain 

size range from 250-1000 nm is often “called ultra fine grain size”. [5] 

Regarding the different production methods and obtained properties, Gleiter [8] distinguished 

three categories of NsM or nanoscaled devices: 

 

• Materials or devices within the nanometric dimension (precipitates, thin wires or 

films, etc.) 

• Materials or devices with a nanometric structure which is limited to the surface 

layer (surface treatments with the aim of changing the materials properties in 

interaction with its surrounding environment) 

• Bulk solid materials with a nanomectric microstructure 
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Gleiter subdivided the third group of Bulk materials into two classes that may be 

distinguished. The first class has a chemical composition varying in space continuously 

throughout the solid. Glasses, gels or supersaturated solid solutions, which are often 

produced by quenching a high-temperature structure in equilibrium to a low temperature far 

away from equilibrium, belong to this class.  

The second class are the materials, now known as NsM, which consist of nanosized building 

blocks, such as grains or crystallites, and their connecting boundary regions, creating a 

microstructural heterogeneous structure. 

In comparison to larger grain size materials, with grain sizes of normally 10-300 µm, the 

physical, chemical and mechanical properties of NsM can be very different, due to their large 

volume fraction of grain boundaries.  

Figure 3.1.1 shows how one can imagine the atoms in a NsM. We can basically distinguish 

two types of atoms in a nanocrystalline structure. Crystal atoms (shown in black), which have 

the same configuration as their neighbor atoms and form a regular crystalline lattice, and 

boundary atoms (shown in white), which can be found in the boundary region between grains 

and that are not completely aligned to the crystalline symmetry of the crystal atoms and show 

a variety of interatomic spacing. [5] 

Since boundary regions normally show a high amount of incoherent surfaces and lattice 

defects, the density of the NsM is lower if compared to a microstructured material. 

Generally, it is this inherently heterogeneous structure on the nanoscale that is crucial for 

many of the NsMs properties and distinguishes them from glasses, gels and other materials 

that are microstructurally homogeneous. [8] 
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Figure 3.1.1.: 2D model of a nanocrystalline material. The black atoms are the well-organized 

atoms in the crystal centers. The atoms of the boundary regions are shown in white.[7]  

With the decrease of grain size, the fraction of atoms in boundary regions increases, 

because the amount of inter-crystal regions and triple-junctions increases. This effect is 

shown in figure 3.1.2, where the volume fraction of those regions is plotted against the grain 

size assuming a boundary layer thickness of 1nm. The volume fraction of those interfacial 

regions of nanocrystalline materials can be estimated as 3Δ !, with an average interface 

thickness of Δ, an average grain diameter of d, assuming the grains have the shape of 

spheres or cubes. These calculated volume fractions can go up to 50% for 5nm grains, 30% 

for 10nm grains and 3% for 100nm grains. [5] 
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Figure 3.1.2: Calculated volume fractions of different grain-boundary regions depending on 

the grain size, assuming a grain-boundary thickness of 1nm 

3.1.3. Classification 

There are many ways in which NsM can be classified. One is based on the grain size and 

the way they were built. Following this approach of classification, the material can be a 

ultrafine grain sized material, with a grain size above 500 nm, or an nanograined material, 

where the grain size is below 500 nm, and it can be synthesized from an amorphous solid or 

from a crystalline basis material. [5] 

Siegel suggested another attempt of classification by sorting the NsMs into different 

categories following their dimensionality: Nanoclusters (0D), multilayers (1D), nanograined 

layers (2D) and equiaxed bulk solids (3D). 

Figure 3.1.3 shows the approach by Gleiter [9], who characterized nanocrystalline structures 

using the permutations of three different shapes (layer-shaped, rod-shaped and equiaxed 

crystallites) with four different families of chemical composition, in which the characteristic 

length of the different shapes, i.e., the layer thickness or the rod diameter, is on the 

nanometer scale. 
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Figure 3.1.3: Schematic representation of NsM classification following the chemical 

composition and the shape of the crystallites. In the first two families, the boundary regions 

are indicated in black, while in the second familiy, these boundary regions have 

concentration gradients as a consequence of the different chemical compositions of the 

crystallites. [9] 

In the first and simplest family, the chemical composition of the different crystals and 

interfacial regions are the same, as they can be found in semicrystalline polymers or in NsM 

composed of equiaxed nanometer-sized crystals. 

In the second family the chemical composition differs from one crystal to another. The most 

popular examples for this family are layer-shaped quantum well structures. 

In the case that one type of atoms or molecules segregates preferentially to the interfacial 

regions, a difference of the chemical composition of crystal and interface is obtained. 

Therefore, the structural and chemical modulations are coupled in the third family. For 

example NsM of this family can be obtained by co-milling of Al2O3 and Ga. 
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The forth family of NsM is a dispersion of nanostructured crystals in a matrix of different 

chemical composition. Precipitation-hardened alloys belong to this group of NsM, and 

nanometer sized Ni3Al precipitates dispersed in a Ni matrix are a very common example 

because most of the high-temperature materials in today’s jet engines are based on alloys 

with this chemical composition. [5], [8], [9] 

3.1.4. Properties 

Since the properties of any solid depends on its chemical composition, atomic structure and 

size and since NsMs, as mentioned earlier, include a high amount of boundary regions which 

are different than in other materials, they show a new set of properties due to several effects. 

Especially the changes in mechanical properties (e.g., yield strength, ductility or strain 

hardening) are very promising, since they are very often much better compared to their 

microstructured counterpart.  

3.1.4.1. Size effects 

Due to the small size of the crystallites in NsMs, which are reduced to point where they 

become comparable with length scales of physical phenomena like the mean free path of 

electrons or phonons, a lot of their properties are linked to so-called size effects. These can 

lead to dramatic changes in the material’s mechanical behavior that will be explained more 

precisely later on. Figure 3.1.4 shows two examples of size effects. The first one is the 

important change of the flow stress in function of the size of Ni3Al precipitates dispersed in a 

NiAl solid solution. Here, the total volume of the precipitates remains unchanged while the 

only variable is their size. A second example is the blue shift in the absorption spectra of CdS 

crystallites in an aqueous solution depending on their size on the nanometer scale. This is a 

quantum size effect that is due to the particle size becoming comparable to the de Broglie 

wavelength of the charge carrier generated when a light quantum is absorbed, shifting the 

absorption spectra towards shorter wavelengths (blue). [8], [9]  

Depending on the geometry of the structure of the NsM, there can be one- or two-

dimensional phenomena as well. For that, needle shaped or flat nanostructures are needed 

that have only one or two dimensions within the length scale of the physical phenomenon. [8] 
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Figure 3.1.4: (left) Flow stress in N/cm2 of Ni-13%Al alloys as a function of the size of the 

Ni3Al precipitates. (right) Absorption spectrum of CdS particles in an aqueous solution as a 

function of their particle size in nm. [9] 

3.1.4.2. Porosity 

After early “bottom-up” production experiments that resulted in incomplete bonding of the 

grains, it was soon clear that the influence of porosity on the mechanical properties of the 

NsM is of utmost importance and can mask the theoretical achievable properties. Therefore, 

porosity has a high influence on Young’s modulus of NsMs as we can see in figure 3.1.5 for 

the examples of nanostructured Pd (blue) and Cu (red) synthetized by Weerterman et al. 

The decrease of Young’s modulus with an increasing degree of porosity is well known and 

can be calculated with formulas like that of Wachtman and MacKenzie: 

! = !!(1 − !!! + !!!!) 

Here, E0 is Young’s modulus of the dense material and !! und !! are constants equal to 1.9 

and 0.9 respectively. In the case of low porosities the second term can be neglected and we 

have approximately a Young’s modulus of ! = !! 1 − 1,9! .  

Tensile ductility and yield strength are affected in a similar way, since existing pores can be 

origins of failures. [5] 
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Figure 3.1.5: Young’s modulus as a function of porosity for nanocrystalline Pd (blue) and 

Cu(red) [10] 

3.1.4.3. Yield strength 

It is well known that grain size has a strong effect on the mechanical properties of metals, 

especially on the yield stress. In the conventional range of polycrystalline metals with grain 

sizes in the micrometer scale or larger, this dependence is well established, following the 

Hall-Petch relation: 

!! = !! + !!!!/! 

where !! is the yield stress of the material, !! the friction stress and k is a material constant. 

Since this is only an approximate version, a more general formulation would use a −! 

exponent with 0.3 ≤ ! ≤ 0.7.[5] 
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Figure 3.1.6: Schematic representation of the variation of yield stress as a function of grain 

size in microcrystalline (blue), ultra fine grained (purple) and nanostructured (red) metals. 

[11] 

Generally polycrystalline materials follow the Hall-Petch relation but research showed that 

the deformation mechanisms apparently change for very small grain sizes as we can see 

schematically in figure 3.1.6. The key mechanism that causes enhanced resistance against 

plastic flow from grain refinement was found out to be the pile-up of dislocations on grain 

boundaries that are obstacles for their movement. Therefore, with an increased amount of 

boundaries, the stacking effect gains importance as well and the yield stress rises. [11], [12] 

Inverse Hall-Petch relation 

The schematic representation of the yield strength that rises with a decrease of the grain size 

shown in figure 3.1.6 suggests that this rise slows down in the ultra fine-grained range and 

shows a peak at a grain size of around 10nm. In fact, this breakdown or even inversion of the 

Hall-Petch relation is the subject of an active discussion in most recent publications. Until 

now, research showed that the strengthening effect of grain refinement persists until a grain 

size of around 10nm for a great number of different metals, even if the obtained slope  

decreases below a grain size of 1µm. Meyer et al. [5] collected data for different materials 

(cf. figure 3.1.7) showing this behavior, which is mostly attributed to a change in deformation 

mechanisms. The model of dislocation pile-ups does not seem to be applicable to 

nanometric grain sizes anymore and deformation mechanisms, like diffusional creep at room 

temperature and grain-boundary sliding, are proposed to explain the change of behavior. 
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Opinions part concerning the materials behavior in the nanocrystalline grain size range below 

10nm, namely whether there is an inverted Hall-Petch relation (cf. figure 3.1.6) or if the yield 

stress forms a plateau. Since it is hard to produce completely flawless materials with that 

kind of microstructure early observations of the inverse Hall-Petch relation were attributed to 

porosity or contaminations. Further studies are necessary to determine the exact behavior 

and if different materials react differently. [5], [11], [12] 

 

Figure 3.1.7: Plots comparing the trend of yield stress development by grain refinement with 

the conventional Hall-Petch realtion of (a) copper, (b) iron, (c) nickel and (d) titanium. [5] 
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3.1.4.4. Ductility 

Ductility, the ability of a material to change shape without fracture, is another mechanical 

property that alters differently with a grain size at the nanoscale. Normally (for conventional 

grain sizes), a reduction of grain size would be linked to an increase of ductility but 

experiments show that it is small for the majority of grain sizes below 25nm for metals that 

would normally have ductilities of 40-60% elongation. Three major limitations to ductility 

where identified by Koch [13] that can mask the inherent mechanical properties: 

 
1. Artifacts from processing (Porosity or other defects can limit ductility. Complete 

particle bonding can be lacking even when theoretical density is attained) 

 

2. Force instability in tension 

 

3. Crack nucleation and propagation instability 

As a result of several investigations almost the same three regimes that we already stated for 

the development of yield strength were identified to be applicable for ductility as well. In those 

regimes different physical phenomena control plasticity. For a grain size of above 1 µm unit 

dislocations and work hardening are the predominant influence on ductility. In the regime of 

smallest grain sizes below 10nm, where intragranular dislocation activity is limited, the 

mechanism of deformation seems to be grain-boundary shear. The intermediate regime is 

not that well understood and is object to ongoing research. Up until now it can be stated that 

nanocrystalline materials have a very low ductility compared to the same materials with a 

ultra fine grain size (see figures in [5], [13]). In order to raise ductility, a certain ability of strain 

hardening appears to be necessary. Therefore, one of the most promising propositions in the 

creation of a ductile but hard material is the creation of a bimodal grain-distribution. Here, 

nanosized grains would increase the yield strength while dislocation movement in the larger 

grains would positively influence ductility. Non-equilibrium grain boundaries acting as a 

dislocation source or the deformation via twinning are other promising options. [5], [12], [13] 

3.1.4.5. Strain hardening 

Equality in speed of generation of dislocation due to plastic deformation and the annihilation 

of dislocations into the grain boundaries and/or dynamic recovery causes a saturated 

dislocation density in nanocrystalline materials. This leads to the fact that in contrast to the 



Preparation of nanostructured iron by mechanical milling under cryogenic conditions  23 

 

strain hardening behavior of coarse grain materials, nanocrystalline and ultrafine grained 

materials where observed to show practically no strain hardening in compressive 

deformation and an early necking in tensile tests. Figure 3.1.8 shows the stress-strain curves 

of ultrafine grained copper produced by equal channel angular pressing (ECAP). No strain 

hardening (!" !" = 0) in compression and virtually no plastic deformation in tension can be 

observed.[5]  

 

Figure 3.1.8: Compressive and tensile stress-strain curves or ultrafine grained copper 

produced by ECAP.[5] 

3.1.4.6. Creep and Fatigue 

Due to the already mentioned problems of producing flawless nanostructured samples, the 

creep behavior of NsMs are not yet characterized as precisely as they are for coarse-grained 

materials. Current studies are trying do determine the underlying effects of what seems to be 

the complex interplay between diffusion creep and grain boundary sliding due to the high 

density of defects and grain boundaries and junctions. It can be said for sure that creep 

already happens at a much lower temperature than in coarse-grained materials and it was 

suggested that dynamic creep should be taken into account while analyzing stress-strain 

curves. [5] 
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Unfortunately, to date there are not many publications on the fatigue behavior of NsMs even 

if the few existing ones delivered interesting results. Two trends were discovered, according 

to which it can be said that on one hand, the NsMs’ fatigue endurance limit is raised due to 

their higher yield strength, and on the other hand, their crack growth resistance is lowered, 

due to an easier fracture path in nanocrystalls. One of the most promising ideas concerning 

these findings was introducing a grain size gradient by coating a coarse grained material, 

with better crack growth resistance, with a nanocrystalline material, with better fatigue 

endurance, to create a material with the advantages of both grain size regimes. [12] 

3.1.4.7. Deformation mechanisms 

As we can see by the breakdown of the Hall-Petch relation, dislocation sliding and pile-up on 

grain boundaries, which is the dominating deformation mechanism in microcrystalline 

materials (> 1 µm), can’t be the only mechanism active in the nanocrystalline range 

(< 10 nm) or the transition regime of ultra fine grain size (< 1 µm and > 10 nm). Molecular 

dynamic simulations showed that in the nanocrystalline regime, grain-boundary sliding as it 

happens in high-temperature applications and creep problems is the primary deformation 

mechanism and that below a grain size of 10nm, all deformations are intragranular. Figure 

3.1.9 shows schematically the grain boundary sliding and its path. Depending on the grain 

size, stress is built up between neighboring grains due to the sliding and is relieved by grain 

boundary and triple junction migration. Many publications suggest that the intermediate 

regime is governed by a mixed deformation mechanism of dislocation pile-up promoted grain 

boundary shear.  

 

Figure 3.1.9: Schematic representation of grain-boundary sliding in polycrystals.[5]  
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Other recent observations suggest the possibility that grain rotation participates in the plastic 

deformation process. Grains rotate during shear and coalesce having the same orientation 

and make. therefore, a path for dislocation movement. At last, two types of twinning were 

observed and can play a role during plastic deformation, although they are 

crystallographically related. In some materials mechanical twinning can be considered to be 

a competing process to slip, even if material science predicts a smaller twinning probability 

for nanometer grain sizes. It has been shown that in extreme deformation regimes, such as 

temperatures close to 0K and high strain rates, and depending on their stacking fault energy, 

twinning occurs in face centerd cubic (fcc) structured metals. As a second type of twinning, 

nanoscaled growth twins where observed in cold-rolled and annealed Cu. A high density of 

these twins could deliver promising material properties, such as favorable combinations of 

mechanical strength and conductivity. [5] 

3.1.5. Production 

 

Figure 3.1.10: The top-down, intermediate and bottom-up approaches to making bulk 

nanostructured solids [14] 
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Figure 3.1.10 shows how the many techniques of producing NsMs can be classified in three 

ways of synthesis approach: bottom-up, top-down and intermediate.  In the bottom-up 

approach, NsMs are created arranging the nanostructure atom-by-atom and layer-by-layer. 

In the top-down approach, the nanostructure is obtained by breaking down the 

microstructure of a bulk material, which allows producing larger amounts of material. The 

intermediate approach of producing a nanostructure in a material consisting of micrometer-

sized particles (e.g., mechanical milling) is counted as a top-down approach in most 

literature, even if it needs an assembling consolidation step to form a bulk nanostructured 

material.  

The principal bottom-up techniques are: 

• Vapor!to!solid!

! Inert!gas!condensation!

! Sputtering!

! Laser!ablation!

! Plasma!assisted!physical!and!chemical!vapor!deposition!(PVD!&!CVD)!

• Solid!to!solid!

! Fast!solidification!

! Electrodeposition!

! Aerosol!conversion!

! SolCGel!methods!

! Spark!erosion!

! High!pressure!solidification!

The principal top-down techniques are (including intermediate techniques):  

• Solid!phase!transformation!including!recrystallization!

• Severplastic!deformation!(SPED)!processes!

! EqualCchannel!angular!pressing!(ECAP)!

! Accumulative!roll!bonding!(ARB)!

! High!pressure!torsion!(HPT)!

• Mechanical!milling!(MM)!and!mechanical!alloying!(MA)!(including!cryomilling)!

[5], [12], [14], [15] 
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3.1.5.1. Mechanical alloying and mechanical milling 

The difference between the two top-down/intermediate techniques of mechanical milling 

(MM) and mechanical alloying (MA) lies in the used and produced material. In both 

techniques the materials’ particles are repeatedly plastically deformed, fractured and cold-

welded including severe plastic deformation (SPD) processes as they happen for example 

during ECAP. In MA two materials are milled together, provoking a material transfer that 

alloys and homogenizing the materials. The material transfer is not included in MM, where 

the milling is used to modify the physical properties of materials such as, pure elements or 

prealloyed compounds. Following the concept of “energize-and-quench,” both techniques 

induce mechanical energy in the material that is then stored, leaving the material in a 

metastable energized state. The obtained material can be used as a precursor for tailoring 

the desired material properties via subsequent processing. Materials processed in this way 

show normally better physical and mechanical characteristics than ingot-processed 

materials. [16] In the case of NsMs this subsequent processing would be a consolidation step 

like cold or hot isostatic pressing (CIP and HIP), spark-plasma-sintering (SPS) or hot 

pressing (HP). Frequently, the obtained material is not nanostructured but ultra fine grained, 

because the consolidation usually includes a heat treatment to raise the material’s density 

resulting in a grain growth. [17], [18] 

There is a wide array of different mill-types available that bring their own conveniences and 

inconveniences. While the most common mills and attritors use grinding balls to mill the 

powder that are agitated in a certain way (e.g., planetary rotation, attritor impeller), there are 

also other types like roller mills or impact hammer mills. Generally, the most important mill 

characteristics are the energy it is able to induce into the milled material and the mass of 

powder that can be processed at a time. At that, a larger amount of powder comes normally 

with a decrease of induced energy, what has to be taken into consideration while upscaling 

from the laboratory to the industrial production level (commercial mills can process up to 

1250kg at a time). Besides the type of mill, the milling load and the milling time process, 

parameters like the milling speed, the milling temperature and atmosphere, the ball to 

powder ratio and the milled material itself can drastically influence the product’s properties.   

[16] 

In the milling process powder particles get crushed, deformed and welded when they are 

“trapped” in a collision of the milling media, as it can be seen schematically in figure 3.1.11 

(left) for the case of mechanical alloying between two grinding balls. In this process the 
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microstructure and the grain size evolves until a steady state is achieved. Figure 3.1.11 

(right) shows schematically the five stages of microstructural evolution happening during MM 

and MA. First, the particles are flattened and fractured, due to plastic deformation, creating 

new surfaces. These new surfaces enable the possibility of cold welding which increases the 

mean particle size of the powder, which can even get larger than the particle size of the 

starting powder in some materials with a face centered cubic (fcc) structure. With repeated 

fragmentation and welding equiaxed layer shaped particles are formed. Longer milling times 

allow the particles to reweld after breaking as a consequence of exceeding the plastic 

deformation limit and/or due to fatigue mechanisms, creating a random welding orientation 

and lowering the mean grain size until a steady state is attained. [16], [18] 

 

Figure 3.1.11: (left) Powder milling with mechanical alloying [14] (right) The five stages of 

powder evolution during mechanical alloying/milling [18]  

3.1.5.1.1 Formation of a nanostructure 

Even if milling is very inefficient so that only 0,1-1% of the used energy contributes to plastic 

deformation and welding, the particles undergo a process of severe plastic deformation 

causing an immense strain rate inside the material. Due to the plastical deformation, the 

grain size reduces drastically and a nanostructure is formed following the three stages that 

are schematically represented in figure 3.1.12: 
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Figure 3.1.12: Schematic representation of the grain refinement mechanism during milling 

[17] 

I. The!deformation!is!localized!in!shear!bands!inside!the!grains!consisting!of!arrays!of!

dislocations!(very!high!localized!dislocation!density).!

II. Resulting!from!a!certain!strain!level!that!is!attained!after!some!milling!time,!

subsequent!annihilation!and!recombination!of!the!dislocations!form!subCgrains!

that!are!dividing!the!original!grains.!These!are!already!nanometerCsized!(often!

diameters!of!20C30nm)!and!extend!after!some!time!throughout!the!whole!

specimen!volume.!

III. The!subCgrain!boundaries!are!transformed!into!randomly!oriented!highCangle!

grain!boundaries,!due!to!a!reorientation!of!the!singleCcrystalline!grains!that!is!

probably!due!to!superplastic!deformation!processes!such!as!grain!boundary!

sliding.!

Generally, there is a minimum attainable grain size dmin that has been related to several 

physical properties of the materials leading sometimes to complex relations. One example is 

the inverse relation between dmin and the melting temperature for higher melting face 

centered cubic (fcc) metals, while dmin  is constant for fcc metals with a melting temperature 

above that of palladium Pd (1828 K) and hexagonal closed packed (hcp) and body centered 

cubic (bcc) crystalline systems. The plotted dmin values show three separate parallel curves 

with the order fcc < bcc < hcp. With dmin normalized by the respective Burgers vector all three 

systems and some alloys can be represented by the following equation: 

!!"#
! = !"#$(−!!!) 

with b being the magnitude of the respective burgers vector, !! the melting temperature in 

Kelvin and A and c constants. [17], [19] 
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3.1.5.1.2 Cryogenic milling 

A special form of mechanical milling is cryogenic milling (or cryomilling) where the milling 

temperature is at a cryogenic level of around 77K. Cryomilling can be carried out wet, with a 

cryogenic slurry that is introduced into the milling container, or dry, with a milling container 

that is immerged in a liquid nitrogen bath or that is cooled down otherwise. Cryogenic mills 

are either modified mechanical mills equipped with a cryogenic cooling system (e.g., figure 

3.1.13) or special milling systems developed for laboratory use as the one used in this work 

and further described in chapter 4.4.  

 

Figure 3.1.13: (a) Schematic illustration of an attritor mill for cryomilling. (b) Photograph of a 

small mill in use with a 500g powder charge [17] 

Even if the underlying micro-structural processes are similar to mechanical milling, 

cryomilling has some important advantages. The most important one is the drastically 

reduced milling time due to a higher possible dislocation density made possible by the 

suppressed annihilation of dislocations. A second advantage is the higher milling efficiency 

because particles do not agglomerate and welding to the milling medium is suppressed. A 

third big advantage is the significant reduction of chemical reactions such as oxidation during 

the milling. The major disadvantage of cryomilling are the high cooling costs and the 

expensive equipment.  

The minimal achievable grain size is comparable to mechanical milling at room temperature. 

In the case of FCC structured metals it is easier to obtain a nanostructure, because particle 

welding and ductility are drastically reduced. BCC structure metals such as iron show a 

higher fragmentation because the milling temperature lies below their ductile-brittle transition 
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temperature. In some materials the reduced mobility of dislocations and diffusion can lead to 

special deformation mechanisms such as twinning. [3], [4], [17], [18] 

3.1.6. Applications 

Even if there are a large number of possible applications for nanostructured materials, there 

are not many NsM products other than thin nanostructured coatings (PVD, CVD and plasma-

sprayed coatings), due to the problems of producing large amounts of flawless bulk NsMs. 

Ultra-fine grained materials instead are already used in many different products, since they 

can easily be produced in larger amounts via ECAP, MM or MA. They are used in many 

technical, medical (bone screws and nails), automotive and aerospacial applications, due to 

their high mechanical strength and conserved ductility. Furthermore, they find application in 

sport equipment such as tennis rackets and golf balls.[20], [21] 

 

3.2. Iron 

To get a better idea of the material processed in this work, it is convenient to briefly review 

some general information and important points concerning iron.  

3.2.1. General information 

Iron is the chemical element with the atomic number 26 and the abbreviation Fe. It is a 

transition metal and can be found in the 4th period and 8th group of the periodic table of the 

elements. It is the 4th most common element in the earth’s crust (6,2%) and, by mass, the 

most common element forming the planet earth. It is an essential element for all known living 

organisms. For example the human body needs 20mg of iron per day and 60mg/kg of its 

mass are iron that is built in essential cells such as the oxygen transporting hemoglobin in 

the blood. Iron exists in many oxidation states, in which +2 and +3 are the most common. 

Since the metal is reactive to oxygen and water, pure iron can be found in meteorites and 

other low oxygen environments. The oxidation reaction forms a non-passivating oxide layer 

known as rust. If not corroded in this way, iron has a metallic grey color. [22] 

On the industrial scale iron is manly produced in blast furnaces by a reduction reaction of iron 

ore with coke. It is a continuous production process where the blast furnace is filled 

alternating with layers of iron ore and coke (and varying contamination eliminating additives) 
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while heated air is introduced from below. In the process carbon monoxide (CO) is produced 

from the coke and the oxygen in the air. CO afterwards reduces stepwise the iron oxide of 

the iron ore, producing raw iron that can be collected in its liquid state at the bottom of the 

furnace. The combined reaction is: 2!"# + ! → 2!" + !!! Raw iron shows normally a high 

contamination of other elements, such as silicon, manganese, phosphorus and a high 

amount of carbon (3.5 - 4.5%) and must be further purified. The amount of produced raw iron 

is more than ten times larger than the combined amount of all other metals.[22–24] 

3.2.2. Crystallography and the Ductile-brittle transition 

Iron is an allotropic material that changes its crystallographic structure in the solid state 

depending on the temperature. After solidification at 1539°C it has a bcc structure and is 

called ∂-Fe. This structure changes into a fcc structure at 1401°C (γ-Fe). At 906°C there is 

another allotropic change back to the bcc structure, which is then called α-Fe and does not 

change anymore with decreasing temperature. Below the Curie temperature TC of 768°C α-

Fe is ferromagnetic. 

Plastic deformation activates slip planes for dislocation movement. Figure 3.2.1 shows the 

different slip planes {110} (a), {112} (b) and {123} (c) for the bcc structure. All the planes have 

in common that slip occurs always in the closed packed direction <111>. In contrast to fcc 

metals, the slip planes of the bcc structure are not closed packed and slip requires a certain 

degree of diffusion.   

 

Figure 3.2.1: Slip planes {110} (a), {112} (b) and {123} (c) in the body centered cubic (bcc) 

crystallographic system. [23] 

For low temperature processing of iron, such as the one carried out in this work, the diffusion 

is reduced, and therefore, plastic deformation becomes more difficult. This increases the 
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yield stress significantly while the fracture stress, which is the stress level that causes brittle 

cleavage fracture across the basal {100} planes, remains less temperature influenced. As we 

can see in figure 3.2.2, the two stresses intersect at a certain temperature, which is called the 

ductile-brittle transition temperature. Therefore, at low temperatures less energy is needed to 

perform a cleavage (brittle) crack than to perform a plastically deforming (ductile) crack. The 

definition (abrupt transition or transition zone) and the temperature at which the transition 

happens can be influenced by many material properties, such as thermal treatment history, 

grain size and flaws like foreign atoms or pores that can be in favor or against crack initiation 

and propagation. [23], [25], [26] 

 

Figure 3.2.2: Ductile-brittle transition due to an increase of yield strength with a decrease of 

temperature.[26] 

 

3.3. Measurement theory  

3.3.1. Hardness testing  

Hardness testing is a very common and useful but not completely physically defined way of 

comparing materials in their solid state and of getting an idea of the physical properties of the 

materials. Up to a certain degree it can be counted as a non-destructive testing method. The 

physical property “hardness” can be generally described as a complex combination of initial 

solidification and yield strength of a material. There are several different methods of 

hardness testing of which the most basic is just comparing which material can scratch the 

other one. The most commonly used methods are the Vickers- (HV) and the Brinell-hardness 

(HB). 
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Brinell-hardness is calculated with the applied load and the surface of indentation of a small 

steel ball with a diameter of 10.5 mm or 2.5 mm. 

Vickers-hardness is also calculated from the measured surface of indentation but the 

impression is made by a diamond pyramid with a tip angle of 136°. At this the load is 

increased without initial impact during approximately 5 s until its maximum value and then 

held for 10 to 15 s. Finally the diagonals of the indentation, as shown in figure 3.3.1, are 

measured and used to calculate the hardness value. For that the following formula is used: 

!" = 0,189 ∗ !
!!  

where ! is the applied force and ! is the average length of the two diagonals. 

Vickers-hardness is the most accurate hardness measuring method and has the broadest 

application field, since parameters such as the indentation load can be changed. [27], [28] 

 

Fig. 3.3.1: Schematic representation of the Vickers pyramid and its indentation [27] 

3.3.2. Laser diffraction 

Besides others laser diffraction analysis or laser diffraction spectroscopy is a well-established 

and one of the most widely used particle sizing techniques, which is covered by the standard 

ISO 13320 (2009). [29] It measures particle size distributions by measuring the angular 
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variation of intensity of light and can be used for many two-phase systems (e.g., powders, 

sprays, suspensions, emulsions or gas bubbles). 

Figure 3.3.2 shows schematically the principle of laser diffraction. A laser beam is scattered 

as it passes through the dispersed particulate sample, in which the light scattering depends 

on the particle size, or more precisely on the diameter of the assumed-to-be-spherical 

particles. Hereby, the scattering angle increases logarithmically with the decrease of the 

particle size.  

 

 

Fig. 3.3.2: Different angle scattering of incident light due to particle diameter [30] 

Along with the scattering angle, the light intensity is affected as well. Large particles, 

therefore, scatter light at narrow angles and high intensity and small particles cause wider 

angles and a lower intensity.[30] 

3.3.3. Electron backscatter diffraction (EBSD) 

EBSD, or also referred to as backscatter Kikuchi diffraction, is a crystallographic 

measurement technique to obtain crystallographic orientations. It is carried out in a scanning 

electron microscope (SEM) that is equipped with an additional EBSD detector, mainly 

consisting in a phosphor screen that is flourescent by electrons of the sample and a sensitive 
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charge coupled device (CCD) camera with optics for viewing diffraction patterns on the 

phosphor screen. 

Since EBSD can index and identify all of the seven crystal systems it is used for a multitude 

of measurements concerning properties such as grain size, local and global textures, grain 

boundaries, misorientations, phase distribution and transformation, strain and fracture 

behavior.  

The operating mode of EBSD is based on incoherent wide-angle scattering of primary 

electrons. As figure 3.3.3 illustrates, the sample is inclined 70° in relation to the incoming 

electron beam. A fraction of the electrons is inelastically scattered by the materials atoms 

and forms a divergent source of electrons. Some of these electrons satisfy Bragg’s equation 

while being diffracted by a crystal plane and form plane-corresponding paired large angle 

cones. Between these cones lies a region of enhanced electron intensity that creates Kikuchi 

bands on the fluorescent screen, whose width depend on the Bragg angle. Every band 

corresponds to a crystal plane and every intersection to a zone axis and they can be indexed 

automatically by its Miller indices. During an EBSD analysis, these patterns are indexed for 

every point while scanning a section of the sample’s surface. The resolution or step size of 

the scanning can be chosen to be as small as several nm. [31], [32] 

 

Figure 3.3.3: Principle of EBSD pattern formation [32] 
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4. Materials and methods 

4.1. Introduction 

Besides the search for a new lane to manufacture nanostructured iron, a part of the present 

work was the introduction of cryomilling, as a way of powder metallurgical experimentation, 

into the research catalogue of the department of material science of the Escola Tècnica 

Superior d’Enginyeria Industrial de Barcelona (ETSEIB). In order to facilitate ongoing studies 

in this area the following section won’t only contain the materials and methods that led to the 

results discussed later on, but furthermore a description of the challenges that occurred upon 

the introduction of cryomilling and procedures that were found to overcome them.  

4.2. The initial powder 

 

 

Figure 4.2.1: Picture of the initial iron powder particles taken with a SEM (200x) 
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Fig. 4.2.2: Etching to see initial iron powder grain size in SEM  

For comparability of results with previous and ongoing work in the department (cf. [33], [34]), 

the same initial iron powder was used. The pure NC 100.24 iron powder was made by the 

metallurgical producer Höganäs and shows an average particle diameter of 160 to 70 µm 

and an average grain size of 10 to 12 µm. (cf. figure 4.2.1 and 4.2.2)  

To keep contamination with already oxidized iron powder minimal powder was taken from 

the middle of the big powder storage container and was than stored in a desiccator until 

actual use. 

 

4.3. Laboratory equipment 

4.3.1. Glove box 

As already described, iron easily reacts with oxygen in ambient air forming oxides. In terms 

of avoiding this reaction, the milled products were handled in an argon environment wherever 

it was possible. The glove box used was the inflatable model Captair Pyramid® (Model: 

2200ANM) produced by the company erlab®. It has a pyramidal shape with the dimensions 



Preparation of nanostructured iron by mechanical milling under cryogenic conditions  39 

 

of 34” x 22” x 28,25” and is entirely made of PVC with a wall thickness of 0,3 mm. The box is 

equipped with a 23,5”zipper, two O-ring gloves made of medical PVC and with a valve used 

to create a vacuum and to inflate it with the desired gas. (cf. figure 4.3.1) 

 

Figure 4.3.1: Glove box model used for protective gas environment operations (picture taken 

from the Captair® website)  

4.3.2. Scales 

Weighing was performed on the scale Cristal 100 CAL made by Gibertini, which is precise to 

0.0001 g. Only weighing for density determination was performed on a PB 303-S 

DeltaRange® made by Mettler Toledo, which is precise 0,001 g. 

4.3.3. Optical microscopes 

For surface inspections during sample preparation the optical microscope of the sample 

preparation laboratory was used. In order to take the photographs of this work an Olympus 

GX51 optical microscope with mounted digital camera was used. 
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4.4. The milling 

4.4.1. The mill 

All the milling of the initial powder was done with a completely new “6780 Large 

Freezer/Mill®” which was manufactured by SPEX SamplePrep LLC. The mill is a hammer 

impact mill/shaker mill and consist of two electromagnetic coils which agitate an impactor in 

the tubular milling vial back and forth while being immerged in a tub filled with liquid nitrogen 

(LN) at a temperature of ~-197°C. Therefore the only moving part during milling is the 

impactor.  Figure 4.4.1 (a) and (b) show a shematic representation of the mill and it’s parts. 

 

Figure 4.4.1: Schematic representation of the front (a) and the back (b) of the SPEX 

Freezer/Mill. [35] Loading the milling vial in the coil housing of the mill (c)    

The mill is equipped with two safety sensors, one indicating the LN level in the tub and the 

other one indicating if the lid is closed, a vent to avoid overpressure in the tub due to 

evaporating LN and a valve that can be connected to a LN auto refill system. The box 

containing the coils and the vial emplacement is fixed to the under side of the lid. On top of 

the lid is the control panel that can be detached for remote control or connected to a 
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Computer via USB. The controller of the mill offers a set of different programmable 

parameters which are the precool time, the cool-down time per cycle, the number of cycles, 

the run time of each cycle and the impact rate. The manufacturer indicates typical LN 

consumptions of 10-15 l for the initial cool-down and filling of the tub and 4-6 l of LN per hour 

of operation. Practical values used to be higher considering the ambient temperature and 

intensity of milling.  

No major problems were observed with the machine itself, except that the gate handle tends 

to open itself during milling, due to the vibrating movement of the vial. Since the machine has 

no security sensor in the vial gate, it is important to firmly screw the gate handle in order to 

avoid damage to the machine.  

4.4.2. The vial 

Three different sizes of milling vials are available by the manufacturer. In the experiments for 

this work, the biggest posible vial size was used as shown in the figure 4.4.2. The milling vial 

is composed of a clear polycarbonate (PC) tube that was bought from SPEX SamplePrep®, 

two metal endplates and a cylindrical impactor. The metal pieces were manufactured by our 

workshop as direct copies of the original endplates and impactors from SPEX SamplePrep® 

and are made of heat-treated inoxidable 440C steel. The PC tube has a length of 112mm 

and a diameter of 57,2mm. The wall thickness of the tube is 3.1 mm. The endplates have a 

thickness of 21 mm and a diameter fitting the PC tube airtight. They have a screw hole on 

their back to connect with the extractor, which is required to remove the endplates in frozen 

state. The impact/milling side of the endplates has a concave shape in order to provoke the 

milling to happen between the endplates and the edges of the impactor, rather than the faces 

of the impactor. Furthermore this shape provokes a randomized movement of impactor and 

milling sample. The impactor itself has a length of 70mm and a diameter of 18,7mm and 

weights 150g. Since the original impactor has rounded edges, it’s sharp edges were grinded 

manually to assure the comparability to the original and to protect the PC tube.  
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Figure 4.4.2: Milling vial employed for experiments, composed of two endplates and a PC 

tube 

In some experiments little parts of the impactor edges broke off and were milled into the 

powder and there was always wear consumption of the inner wall of the PC tube, due to 

cross impacts of the impactor. To counteract those problems the impactor was inspected 

before every milling process and, if necessary it’s edges were rounded again. Even with 

rounded edges there was still a wear consumption and iron powder accumulated in the 

created scratches. Therefore, a contamination with small parts of the PC and previously 

milled powder particles can’t be excluded. Other milling problems could arise from 

magnetization of the impactor, due to the alternating magnetic field required for impactor 

movemement, and iron sample sticking to the impactor. 

4.4.3. The process 

For each milling experiment the right amount of initial iron powder was weighed and put into 

the milling vial while in an argon atmosphere using the glovebox. The milling vial was then 

put into it’s provided emplacement in the cryomill and the gate handle was firmly closed (cf. 

figure 4.4.1 (c)). It was favorable to cool down and refill the cryomill with LN before inserting 



Preparation of nanostructured iron by mechanical milling under cryogenic conditions  43 

 

the vial in order to avoid unnecessary exposure to ambient temperature during the milling 

procedure.  

After programming the milling procedure, milling started each time with an initial precool of 

the vial. By observation of the nitrogen expulsion of the machines vent it was assumed that 2 

min are sufficient to bring the sample and the vial to a cryogenic temperature. After that the 

mill milled for the programmed amount of time, incremented into steps of 3 min milling and a 

cool down time, which was later on changed from 2 min to 1 min to realize longer milling 

times with the limited amount of LN at our disposal. Since the maximum amount of 

programmable steps is 15, the machine was restarted multiple times if longer milling times 

were required. Approximately each 45 min (at the maximum milling rate) the machine 

needed a refill of LN. Since auto refill equipment wasn’t at our disposal, refilling had to be 

done manually by opening the machine and exposing the vial to ambient temperature.  

After the milling, the vial was wrapped with paper towels, to reduce ambient air 

condensation, and sticky tape, to keep the vial from opening as a cause of over-

pressurization, due to the expanding gas in it. After inserting all necessary equipment into the 

glovebox, it was evacuated and subsequently filled with argon. The vial was opened using an 

endplate extractor and milled powder was collected in small sample vials, that were sealed 

by a cap and additional sealing Parafilm.  

Problems arose from separating powder and impactor, due to their remanent magnetic 

properties and it wasn’t possible to collect all of the milled powder.  

 

4.5. Process parameters 

Since the mill and the whole production way of cryomilling, were new to the department of 

metallurgy of the ETSEIB, there is very few experience on cryomilling of metal powder with 

this kind of mill. As the machine offers a lot of programmable parameters, an experimental 

design had to be developed prior to the experiments required to fulfill the thesis’ aim. 

4.5.1. Initial experimental design 

In an attempt of reducing the number of variables that had to be considered individually in 

the experimental process, some assumptions were made.  
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Since metal is a good heat conductor, in the case of powders the surface exposed to the 

surrounding temperature is very high and the treated sample volume was very small 

considering the volume of the vial, the precool time and the cooldown time between the 

cycles were set to sufficiently big constant values (2 min). To avoid overheating of the 

sample the run time of each cycle was set to an average level of 3 min. Run time and 

number of cycles were combined forming only one variable, cryogenic milling time. The three 

final characteristic variables are the following: 

• x = cryogenic milling time [min] 

• y = samples’ mass [g] 

• z = impact-rate [ ] 

In order to initially canvass the area of research a small (-1), an average (0) and a high (1) 

value were assigned to each variable. The values for the milling time (3min ; 9min ; 15min) 

were based on the advice of the vendor, that a high energetic shaker cryomill needs 

considerably less time compared to conventional ambient temperature mills. For mass only 

to values (2g ; 4g) were set based on example values for polymers in the machines manual 

[35] and on the needed amount for a later compaction. For the impact rate (5 ; 10 ; 15) the 

lowest and highest selectable values and a value in between were chosen. 

 

Figure 4.5.1: Initial experimental design with the variables cryogenic milling time (x), Mass (y) 

and impact-rate (z) set to a small (-1), an average (0) and a high (1) value. The circles 

indicate made experiments to canvass the area of research. 
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As shown in figure 4.5.1 it was decided to do a x,z-high, a x,z-average and a x,z-low 

experiment for a load of 4g only, to limit the number of individual milling sessions and 

therefore time spend on further characterization including sample preparation and hardness 

testing and to still get a reliable idea of what variable has the most impact on the milled 

product. 

4.5.2. Final experimental design 

After the initial experiments it was apparent that a load of 2g isn’t enough to do all the further 

testing and that longer milling times were needed. In order to get an idea of how the milling 

time influences the product, the experimental plan was therefore changed to the one shown 

in figure 4.5.2. This plan can be divided into different groups of interest, which can be 

compared individually. 

 

Figure 4.5.2: Final experimental design mainly investigating the influence of the milling time 

on the product powder. 
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The interest of the principal group was to investigate the development of the powder 

characteristics with increasing milling time using a milling load of 4 g. Because some 2 g 

samples were already made, development of such samples can be examined as well for two 

different milling times. 

For 30 cycles (90min) and impact rate of 15 (30 impacts/s) the milling was done with three 

different loads of up to 6g. Samples of this group can be compared to see the impact of the 

initial load on the milling results. 

In another group samples were produced at different impact-rates and different milling times 

but with the same total number of impacts. This group can be used to investigate the 

influence of the impact-velocity, and therefore impact-energy. 

The last sample shown in the experimental plan (135 cycles (405 min), rate 5 (10 impacts/s)) 

was an  attempt to avoid excessive fragmentation and to create nanostructured particles at a 

slower deformation speed with the maximal possible milling time (due to liquid nitrogen 

resources) at the end of the experimental period. It can be counted as a group investigating 

the influence of low energy milling time. 

 

4.6. Particle size analysis 

Particle size analysis was carried out with the laserdiffractometer LS 13 320 by Beckman 

Coulter (figure 4.6.1) and collected data was processed by the operating program “LS 13 320 

Control Program”. 

In order to have a good dispersion of the milled powder and no accumulations of powder 

particles, samples were first dispersed in 30ml of pure ethanol using ultrasound during 5 min. 

After auto-cleaning and calibration process of the laserdiffractometer, powder dispersion was 

added drop wise to the ethanol cycle of the machine until the program indicated an adequate 

obscuration for measuring. Powder dispersion had to be stirred constantly during the dripping 

to avoid precipitation. By default, all samples were measured three times to obtain reliable 

average values, while each measurement lasted for 1min.  
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Figure 4.6.1: Beckman Coulter laser diffractometer LS 13 320 

4.7. Compaction  

4.7.1. The die 

Compacts were produced using tubular matrixes with diameters of 10mm. Figure 4.7.1 

shows a graphic representation of the die that was employed and the two punches with its 

respective dimensions. Both, die and punches, are made of ICO-2800 maraging steel by 

ROVALMA S.A. This material possesses good mechanical properties like an ultimate tensile 

strength of 2520 MPa, a hardness of 62 HRc , a temperature resistance until 700°C and a 

toughness of 220 J, which Casas  tested with a notchless Charpy test at ambient 

temperature [33].  
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Fig. 4.7.1: Schematic representation of employed die and punches. [33] 

4.7.2. The presses 

For cold compaction and extraction of samples a hydraulic press of the department of 

mechanical engineering was used (cf. figure 4.7.2 (a)). It can apply up to a load of 30 tons via 

an oil pump to manually regulate the pressing force. 

Warm compaction of samples was conducted on the universal testing machine INSTRON 

4507 of the department of metallurgic technologies, which was equipped with a tubular 

infrared radiant heating chamber. This machine can be used to perform a multitude of 

different experiments and its maximal applicable force is 200 kN (its load cell measurable 

force maximum is 100 kN).  Figure 4.7.2 (b) shows the machine with its programmable 

control panel, heating chamber and conducts for the refrigeration unit and argon supply. 
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Figure 4.7.2: (a) Hydraulic press (b) Equipped universal testing machine INSTRON 4507  

4.7.3. The heating chamber 

To execute the process of warm compaction a tubular infrared radiant heating chamber 

Control IR E4-10-AA made by Research INC was mounted to the INSTRON universal testing 

machine. Figure 4.7.3 shows the heating chamber and its components as they were 

mounted. The chamber disposes of a cooling system, in form of a water circuit in its walls, 

and of a programmable control unit that is connected to a type K (Cromel-Alumel) 

thermocouple and a potentiometer measuring the actual temperature of the sample. 

During the process a Pyrex glass tube whose both openings are covered with glass wool 

surrounds the samples die. A hole in the tube holding is connected to an argon hose that is 

required to create an inert environment within the heated tube.  
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Figure 4.7.3: View into the opened tubular infrared radiant heating chamber [33] 

4.7.4. The process 

In order to assure a sufficient union between iron particles and therefore a higher density, 

iron powder was mixed with 5 weight percent of ethylene bis stearamide (EBS) wax powder 

prior to compaction. To obtain compressed samples with a hight of approximately 1 mm and 

a diameter of 10 mm and considering the density of pure iron, 0,6 g of milled iron powder 

were required. Both powders were mixed in an argon atmosphere and put into the 

compaction die, which was previously cleaned with abrasive paper to avoid contamination 

with rests of other compact samples. The punches of the die were lubricated with ELECTRO-

MOLY molybdenum disulfide lubricant made by Elesa to assure that samples can be 

extracted after compaction, that punches don’t block during the compaction process and to 

serve as an air sealing against oxidation in an ambient atmosphere.  

During cold compaction a load of 10 tons was applied for 30 minutes. 
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For warm compaction a die was placed in the INSTRON universal testing machine, the 

Pyrex tube was closed with glass wool and the heating chamber was started and heating 

samples to 500°C. To assure a homogenous temperature distribution throughout the die, 

samples were exposed to this temperature for 30 min without applying a (pistons of the 

universal testing machine had to be manually spaced to avoid pressure as a result of thermal 

expansion of the die and the machine itself). Subsequently load was applied following a ramp 

of 5000 N/min. After reaching the maximum load of 89990 N samples were compressed 

during one hour. The whole warm compaction, including the cooling period in ambient air, 

was made in an argon atmosphere. 

Extraction of punches and of the sample itself was done using the same hydraulic press 

already used for the cold compaction using extraction pistons. 

 

4.8. Density determination 

In order to determine the density of the produced compacts and the grade of porosity, two 

different methods were applied. The simple division of measured mass and volume and the 

more precise archimedic method including the buoyancy force in a liquid with determined 

density. Therefore samples` height and diameter were measured, using a vernier caliper with 

a 0,01 mm resolution, they were weighed in ambient air (!!"#)!and submerged in distilled 

water!(!!"#). The archimedic formula is as follows: 

!!"#$%& =
!!"#
!!"#$%&

= !!"#
!!"# −!!"#

!!"#$"%
= !!"# ∗ !!"#$"%
!!"# −!!"#

 

where !!"#$"% = !!"#$"%%&!!!"##$%!!"!!"°! = 0,99729! !"! and !!"#$%& is the searched density. 

Subsequently the measured density was compared to the density of pure iron (7,86 g/cm3) to 

calculate the degree of porosity. It is important to grind the samples a little before measuring 

to avoid falsifying the height because of a higher border that is created in the compaction 

process.  
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4.9. Hardness testing  

In order to make micro hardness measurements possible the surface of the samples has to 

be polished. Therefore powder samples were embedded in two ways: cold in Epoxiresin and 

warm in melted Bakelite at 180°C. For micro hardness measurement preparation all samples 

were grinded and polished using abrasive papers of 1200 p and 2400 p and Buehler 

METADI® water based diamond suspension with diameters of 6 µm. Grinding was 

performed manually with water as moistening and cooling agent and polishing was 

performed with W698T thinner by SAINT-GOBAIN COATING SOLUTIONS on polishing 

machines of the university manufactured by Buehler or Struers. Samples were rinsed with 

ethanol and quickly dried to avoid oxidation. 

 

Figure 4.9.1: Microdurometer Akashi 
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All hardness measurements were carried out on the Akashi microdurometer shown in figure 

4.9.1, which produces micro indentations with a diamond, pyramid that are measured to 

obtain the Vickers Hardness (HV).  

Samples were indented applying a mass of 10g, for powder samples, and 50g to 200g, for 

compacted samples, during 15 seconds. Figure 4.9.2 shows a schematic representation of 

the indentation placements. Indentations were performed along the red lines (orthogonal 

diameters) on the samples’ surface to include possible border effects that are due to the 

uniaxial pressing. If zones of different physical appearance were visible, indentations were 

divided equally between these zones to obtain an average and they were observed 

individually. 

 

Figure 4.9.2: Schematic representation of the indentation placement. [33] 

 

4.10. Surface analysis using scanning electron microscopy 
(SEM) 

Depending on two different experimental methods that were carried out using SEM compact 

samples needed special preparation starting with an additional polishing using diamond 

suspension with diameters of 3µm and 1µm. The two high-vacuum SEMs that were used are 

the older JEOL JSM-6400 with a tungsten wire electron gun for lower magnification and the 

newer field emission SEM JEOL JSM-7001F. Both SEMs were equipped with an energy 

dispersive X-ray spectroscopy (EDX) detector and are shown in figure 4.10.1. 
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Figure 4.10.1: Employed SEMs, (a) JEOL JSM-6400 and (b) JEOL JSM-7001F 

4.10.1. SEM 

For SEM powder samples were simply glued to the specimen holder using double sided 

conductive carbon adhesive tape and compact samples had to be etched in order to make 

the grain microstructure visible. To attack the grains and leave the grain boundaries visible, 

samples were emerged in 2% Nital (a mix of 98% ethanol and 2% sulfuric acid) during 30 

seconds. Subsequently etched samples were attached to the specimen holder, using the 

conductive tape too. 

Up to 4 samples, each one on a specimen holder, were attached to a bigger sample holder 

and introduced in the older SEM shown the figure 4.10.1 (a). Afterwards spots of interest 

worth photographing were searched using fast scanning live view. Beside the photos that 

were taken at different resolutions with an accelerating voltage of 15 kV, energy-dispersive 

X-ray spectroscopy (EDX) was performed in order to check if there is any contamination of 

the machined powder.  

4.10.2. EBSD 

For EBSD measurements the tested compact had to be polished with colloidal silica 

suspension during 45 minutes after the 1 µm polishing. Samples were glued to a special 

specimen holder pin and their borders were painted with silver suspension painting to realize 

a highly conductive contact between sample and pin. Because of the time consuming 

process of indexing EBSD patterns, different spots of interest were queued in the operating 

program, different spot sizes were indexed with different step sizes and measurements were 
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performed during nighttime. Overview images were indexed with a step size of 30 nm and 

detail images with a step size of 20 nm. EBSD analysis results were treated using the 

program Chanel 5. 

 

4.11. Tensile testing 

Tensile testing was performed by micro-tensile tests. For that purpose compacted samples 

had to follow a heat treatment based on the past and ongoing work of Casas [33] and to be 

cut into micro-tensile testing samples. 

4.11.1. Heat treatment 

The purpose of the heat treatment was to provoke a certain grain growth, leading in the first 

place to a relaxation of accumulated inner tensions in the microstructure and secondly to a 

better inter-particular bond, due to diffusion.  

4.11.1.1. Tubular furnace 

Heat treatment was carried out on the tubular furnace model ST-16 by Hobersal (cf. figure 

4.11.1) that can heat up to a maximum of 1600°C and is equipped with a cooling and a 

programmable controlling system.  

The furnace heats up the alumina tube going threw it. This tube can be sealed from both 

sides with screw caps with a hole for argon supply, in order to avoid the heat-escaping and to 

realize an argon environment during process. Argon current can be checked using a bubble 

bottle connected to the argon outlet. Process temperature can be programmed including 

heating and cooling ramps, controlled and supervised on the furnace control system. During 

heat treatment samples are placed on a sledge-like alumina sample carrier, which is 

introduced into the heating tube of the furnace.  

 



56 Jonathan Germann AMASE Master Thesis 

 

 

Figure 4.11.1: Tubular furnace ST-16 with its equipment. 

4.11.1.2. Process 

To avoid any damage to the furnace itself and the alumina tube, latter was sealed with screw 

caps and the furnace heated up during 30 min following a programmed temperature ramp, 

before heat treatment could take place. Using the water filled bubble bottle, a constant flow of 

argon of approximately one bubble per second was regulated. Once the treatment 

temperature of 650°C was reached the furnace began to oscillate temperature around 

treatment temperature to assure an almost steady temperature in the inside of the alumina 

tube. 

Up to six samples were positioned on the alumina sample carrier and one side of the 

furnaces tube was opened to introduce the sample carrier. The sample carrier had to be 

pushed to the center of the furnace using a long marked placement hook, to assure a correct 

treatment temperature, which is measured at the center. It was very important to note down 

al the emplacements of the samples because they all look similar and can be confounded 

easily. After introduction of the sample carrier the screw cap was resealed and a constant 

argon flow was established to avoid oxidation of the samples due to the favorable 

temperatures. Heat treatment was carried out during 30 min. 
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After heat treatment the alumina tube was opened and the sample carrier was removed 

quickly using the placement hook because samples had to be quenched. For quenching the 

flat compact samples were tossed onto a massive copper plate. Copper is highly heat 

conductive and dissipates the samples’ heat in a few seconds. To avoid partial quenching of 

the alumina and provoking heat tension cracking, the sample carrier had not to touch the 

copper plate and was positioned on a alumina plate for cool down.  

Problems arose from samples moving out of their emplacement while introducing the sample 

carrier and/or tossing samples onto the copper plate. To counteract any mix up the samples 

height was measured again and compared to prior values, which were already obtained 

during density measurements and appeared to be quite distinct. 

4.11.2. Micro-tensile testing 

Micro-tensile test is similar to the normal tensile test but uses smaller samples to minimalize 

the chances of premature fracture due to flaws. Furthermore it is applied when a normal test 

would exceed the producible sample size, as it was the case in this work. 

4.11.2.1. Samples & Machine 

Heat treated samples were send to the departments’ workshop on campus Manresa to be 

cut into the shape of micro traction samples that can be used with the departments’ micro 

tensile testing machine. Cutting was realized by wire electrical discharge machining 

(WEDM). Figure 4.11.2 shows a schematic representation of the bone-like shape of the 

micro traction samples. It doesn’t comply exactly with the normed tensile test shape but is in 

accordance with experiences made by prior investigations of the department of metallurgy.  

The broad part at both ends of the sample serves as holding base offering a friction surface 

and the thinner part at the samples’ center is where the final crack is supposed to be located 

upon testing. During testing the samples’ shoulders are hooked into the holding base of the 

machine to prevent it from sliding out of the holder when force is applied. Width reduction at 

the samples center causes the crack to happen in this region since the smaller cross-section 

leads to higher tensions in this area. 
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Figure 4.11.2: Schematic representation of the micro tensile samples’ shape. [36] 

Figure 4.11.3 shows the DEBEREN Microtest tensile testing machine that was used. The 

machine was connected to a computer and was operated with its own operating program 

Deberen Microtest V5.5.14 that collected measured data and showed an in situ tensile 

testing graph as well. Post processing of collected data was done using the tabular data 

treating software OriginPro and Microsoft Excel. 

 

Figure 4.11.3: Deberen Microtest 5KN Tensile Tester with positioned sample, that was used 

for micro tensile testing. 
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4.11.2.2. Process 

Before tensile testing samples were again grinded, using 4000 p grinding paper and water as 

cooling and lubricating agent, to obtain a plain surface without big scratches that could act as 

week points in terms of accumulators of tensions. To avoid this effect as well for little 

scratches left behind by the 4000 p grinding paper, samples were grinded in pulling direction 

to align such scratches with the upcoming tensions. Afterwards dimensions of the samples’ 

cross sections were measured using the vernier caliper and entered into the operating 

software. 

Samples were subsequently positioned in their designated emplacement within the testing 

machine and sample holder plates were loosely screwed shut in a way to hold samples in 

place while avoiding the creation of additional compressive tensions within the sample. 

Afterwards the machine was reset to zero displacement and started testing with a 

displacement speed of 0,2mm/min in ambient temperature. Measurements were taken every 

500 ms. 

After the cracking of the sample the collected data was saved and exported for further 

treatment and the machine returned in its initial position. Data treatment software was used 

to make linear fits to evaluate Youngs’ modulus, to switch between force-deplacement and 

deformation-tension diagrams and to clean collected deformation data of self-deformation of 

the machine.  
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5. Results and discussion  

In the following section the results and observations made during the various testing and 

measurement methods are listed, described and discussed. Since this work includes the 

analysis of powders and of compact samples made of these powders, the first part of this 

section is divided according to these two sample morphologies. 

5.1. Analysis of powder samples 

5.1.1. Observations during experimentation 

During experimentation some observations could be made by the direct visual inspection. 

Initial milled powders fabricated according to the first experimental design showed an almost 

identical grey color as the initial powder. The second experimental design with its longer 

milling times led to milled powder with a significantly darker blackish grey color. This finding 

is attributed to the increased amount of ultra small particles matching in size the wavelength 

of visible light, leading to higher absorption.  

Another observation was made while weighing the right amount of powder for compaction in 

ambient air. A pile (less then 1 g) of the powder sample that was milled at a rate of 15 

(30 impacts/s) with a milling load of 2 g and for a time of 30 cycles (90 min) auto-ignited while 

on the scale. This is attributed to an exothermic oxidation chain reaction from the inside of 

the pile creating warmth that couldn’t be dissipated because of the compact geometry of the 

powder pile. The strong oxidation reaction is due to the really small particle sizes offering an 

immense surface to oxidize. The observed reaction is astonishing if we consider the short 

milling time needed to provoke it, since it was shown that milling times of more than 25 h of 

cryogenic ball milling were needed to obtain a pyrophoric iron powder. [37] 

5.1.2. Particle size analysis 

Laser diffraction was used, in order to characterize the obtained powders’ particle sizes. 

Collected data gives the percentage volume distribution depending on particle sizes. This 

data was converted using the LS 13 320 control program to view as well surface area 

distribution and particle number distribution. For all powders a large number of small particles 
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(< 1 µm) was measured. Therefore the graphs for the percentage number of particles 

showed almost never comparison worthy singularities and won’t be showed below.  

For evaluation of the following graphs it is important to keep in mind that ultra-small particles 

have an ultra-high surface area to volume ratio. Since particles seem to be milled differently 

according to their diameter they will be classified in diameter size groups in order to facilitate 

their description. The different groups will be: small (d < 1 µm), medium (1 µm < d < 6 µm), 

big (6 µm < d < 20 µm) and huge (20 µm < d). 

 

Figure 5.1.1: Initial powders volume and surface area distributions. 

For comparison, figure 5.1.1 shows the volume and surface area distributions of the initial 

powder. Most of its volume can be found in particles of a diameter around 100 µm. The 

surface area observation however shows that there are some small and medium sized 

particles as well (around 2 µm and below 1 µm) that don’t contribute significantly to total 

volume, thus they don’t appear in the volumetric measurements. Therefore we can’t consider 

the powder to be unisized.  

Influence of milling time 

This group compares the different powders that were milled with the same milling load of 4 g 

and the same impact rate of 15 (30 impacts/s). Figures 5.1.2 and 5.1.3 show the volume and 

surface area distributions for all of the samples in comparison.  
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Figure 5.1.2: Influence of milling time on the powders volume distribution All powders were 

milled with a milling load of 4 g at a rate of 15 (30 impacts/s). 

 

Figure 5.1.3: Influence of milling time on the powders surface area distribution. All powders 

were milled with a milling load of 4 g at a rate of 15 (30 impacts/s). 

During experimentation some problems with the machine came up while trying to measure 

the sample that was milled for 45 cycles (135 min). Obscuration of the sample dispersion 

was to high and the machine had to adjust it by replacing a certain amount of dispersion with 

pure ethanol. Apparently small and medium sized particles were drained easier and collected 

data was therefore biased and can’t be considered representative. Thus this data is not 
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shown in the figures 5.1.2 and 5.1.3, because it showed no logical relation with the other 

graphs. 

In the volume distribution analysis we can see that with milling time increase the number of 

huge and big particles is significantly reduced in favor of medium sized and small particles. 

Furthermore the size shift between huge and big particles to medium sized particles appears 

to be more probable than the shift of medium size to small size, leading to the conclusion 

that our milling process has a higher probability to select bigger particles for fragmentation. 

This milling behavior was also observed comparing the two 2 g milling load samples.  

After crushing of the huge particles (after 90 cycles most of them are destroyed) another 

interesting phenomenon takes place that can be observed comparing the groups of powders 

with 15 to 60 cycles and with 90 to 120 cycles taking into account the surface area analysis. 

For the group with 90 to 120 cycles, the amount of small particles seems to be reduced again 

(cf. figure 5.1.3) in favor of the amount of medium sized (cf. figure 5.1.2 and 5.1.3), big and 

huge particles (cf. figure 5.1.2). This could be due to an agglomeration of particles and/or 

cold welding of small particles. 

Influence of impact velocity 

 

Figure 5.1.4: Influence of impact velocity of the impactor on the powder volume distribution. 

All powders were milled with a milling load of 4 g and the identical total number of impacts. 
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Figure 5.1.5: Influence of impact velocity of the impactor on the powder surface area 

distribution. All powders were milled with a milling load of 4 g and the identical total number 

of impacts. 

This group compares different powders that were milled with the same milling load of 4 g and 

the same total number of impacts but with a different impactor velocity and therefore a 

different milling time, which means also a different induced kinetic energy. Figures 5.1.4 and 

5.1.5 show volume and surface area distributions for all samples in comparison.  

As in the milling time group with a high impact rate it can be seen that huge and big particles 

have a higher probability to be selected for fragmentation than small particles since the 

volume percentage of these sizes reduces continuously with a higher milling duration and a 

lower impact velocity (figure 5.1.4). In this case though, the higher number of selected 

particles can’t be assumed to be due to an increased milling time since the total number of 

impacts is unchanged. It is more likely that this development is due to an interplay between 

brittle fragmentation that is dominant in the 30 cycle at rate 15 sample (90 min and 30 

impacts/s) and a fragmentation due to a maximum deformation predominant in the 90 cycle 

at rate 5 sample (270 min and 10 impacts/s). Another explanation would concern the milling 

mechanism and state that a slower impactor movement allows the particles to take a more 

ideal milling position in the milling vial. Furthermore it can be observed that the sample with 

the highest impactor velocity shows the highest number of small particles (figure 5.1.5), while 

the sample with the slowest impactor shows the highest number of intermediate particles 
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(figures 5.1.4 and 5.1.5). Concluding, it is highly likely that the slower moving impactor 

causes more plastic deformation because the materials’ reaction is less brittle.  

Influence of milling time with lower impact rate 

This group compares the two different powders that were milled with the same milling load of 

4 g and the same impact rate of 5 (10 impacts per second) including a sample with the 

longest possible milling time of 135 cycles (405 min). It is the only observation group where 

the particle number distribution gave an interesting insight. Therefore figures 5.1.6 and 5.1.7 

show the percentaged particle number distribution and surface area for the samples in 

comparison.  

 

Figure 5.1.6: Influence of the milling time on the particle number distribution. Both powders 

were milled with a milling load of 4 g at a rate of 5 (10 impacts/s). 
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Figure 5.1.7: Influence of the milling time on the surface area distribution. Both powders were 

milled with a milling load of 4 g at a rate of 5 (10 impacts/s). 

In both graphs we can see a similar development as it was observed in the milling time group 

at a high rate. The amount of big and huge particles isn’t changing significantly for a longer 

milling time than 90 cycles (270 min) (figure 5.1.7). Beside that, we observe again that the 

amount of small particles is reduced in favor of medium sized particles for a longer milling 

time (figure 5.1.7). Furthermore we can observe a shift of particle size in the small size area 

(increasing number of particles between 0,3 µm and 2 µm) that important that it appears in 

the number distribution (figure 5.1.6). This could again be explained with a probable 

agglomeration and/or cold welding of the small particles. 

Influence of loaded mass 

This group compares different powders that were milled for the same amount of time of 30 

cycles (90 min) and with the same impact rate of 15 (30 impacts/s), but with different milling 

loads of 2 g, 4 g and 6 g. Figures 5.1.8 and 5.1.9 show volume and surface area distributions 

for all samples in comparison.  
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Figure 5.1.8: Influence of the loaded mass on the powder volume distribution. All powders 

were milled with a milling load of 4 g and at a rate of 15 (30 impacts/s). 

 

Figure 5.1.9: Influence of the loaded mass on the surface area distribution. All powders were 

milled with a milling load of 4 g and at a rate of 15 (30 impacts/s). 

It appears that the biggest milling load has more medium and big sized particles but less 

small and huge particles (0%) than the other samples (figure 5.1.8 and 5.1.9). This 

singularity in particle size selection for milling is most likely due to the higher amount of 

particles that are on one hand crushing each other, concerning the huge particles, and on the 

other hand protecting each other from being milled, concerning the little particles. The 
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protection could arise from the impact energy that isn’t high enough to crush that many 

medium sized particles at a time.   

5.1.3. SEM analysis 

The following SEM pictures try to depict the powder evolution. They are a good 

complementary information source to the laser diffraction results that give a quantitative 

insight. In contrast SEM pictures give a closer insight on the powder morphology and they 

are sorted in the same observation groups if possible. For comparative purposes figure 

5.1.10 shows pictures taken from initial powder. 

 

Figure 5.1.10: SEM pictures of initial powder at magnifications of (a) x150 and (b) 1000. 

Particles have a homogeneous size distribution and rounded edges. 

As we can see in figure 5.1.10 initial powder has big particles. Particles’ surfaces appear to 

be formed by spheroidal hills. In (b) we can see some small particles that appear to be 

connected only loosely to the bigger particles’ surface. 

All powders of the following images were milled at a rate of 15 (30 impacts/s) and a milling 

load of 4 g unless otherwise declared. In order to facilitate the description of the different 

powder samples we use the same verbal size groups that have been used to describe the 

results of laser diffraction.  

Figure 5.1.12 is only shown in the first group. Following the experimental plan 

(cf. figure 4.5.2) this sample milled for 30 cycles (90 min) is as well in connection with groups 

about the influence of impactor speed and milling load. 
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Influence of milling time 

Figures 5.1.11 to 5.1.16 show SEM images of powder samples that belong to the group 

observing the influence of milling time.  

 

Figure 5.1.11: SEM picture of powder that was milled 15 cycles (45 min) with a milling load of 

4 g and a milling rate of 15 (30 impacts/s) at magnifications of (a) x1000 and (b) x5000. 

Figure 5.1.12: SEM picture of powder that was milled 30 cycles (90 min) with a milling load of 

4 g and a milling rate of 15 (30 impacts/s) at magnifications of (a) x1000 and (b) x5000. 
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Figure 5.1.13: SEM picture of powder that was milled 45 cycles (135 min) with a milling load 

of 4 g and a milling rate of 15 (30 impacts/s) at magnifications of (a) x1000 and (b) x5000. 

 

 

Figure 5.1.14: SEM picture of powder that was milled 60 cycles (180 min) with a milling load 

of 4 g and a milling rate of 15 (30 impacts/s) at magnifications of (a) x1000 and (b) x5000. 
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Figure 5.1.15: SEM picture of powder that was milled 105 cycles (315 min) with a milling load 

of 4 g and a milling rate of 15 (30 impacts/s) at magnifications of (a) x1000 and (b) x5000. 

 

 

Figure 5.1.16: SEM picture of powder that was milled 120 cycles (360 min) with a milling load 

of 4 g and a milling rate of 15 (30 impacts/s) at magnifications of (a) x1000 and (b) x5000. 

Particle refinement already observed in laser diffraction graphs can be observed in the very 

local SEM images as well. In the pictures with a magnification of x1000 (5.1.11 (a) to 

5.1.16 (a)) a reduction of the number of bigger particles can be seen that causes a particle 

refinement and a homogenization of the whole powder (comparing 5.1.11(a) and 5.1.16(a)).  
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A closer look on the pictures taken at a magnification of x5000 reveals further information 

about the fragmentation process. As we can see in pictures 5.1.11(b) to 5.1.14(b) the 

material reacts brittle to cold milling temperature and high impact energy at a rate of 15 (30 

impacts/s). We observe a lot of ripped off or chipped off particles with sharp edges and no 

sign of plastic deformation. Furthermore we can see a big amount of very small particles. In 

the figures 5.1.15(b) and 5.1.16(b) that depict the powder milled for a longer time, we can 

see rounded particles that are apparently constituted of smaller particles that agglomerate on 

the surfaces of medium sized particles. This rounded nature of particles could as well be an 

index for plastic deformation and, thus, cold welding. All these observations agree well with 

the results taken from particle analysis, even if we have to consider a certain falsification of 

the laser diffraction values, due to the chipped and therefore non-spherical shape of the 

particles. 

Influence of impact velocity 

 

Figure 5.1.17: SEM picture of powder that was milled 45 cycles (135 min) with a milling load 

of 4 g at a milling rate of 10 (30 impacts/s) at magnifications of (a) x1000 and (b) x5000.  
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Figure 5.1.18: SEM picture of powder that was milled 90 cycles (270 min) with a milling load 

of 4 g at a milling rate of 5 (10 impacts/s) at magnifications of (a) x1000 and (b) x5000. 

Figures 5.1.12, 5.1.17 and 5.1.18 show powder development depending on impact velocity 

of the milling impactor. In good agreement with laser diffraction results we can see a 

reduction of the amount of huge and big particles with increasing milling time and reduced 

impact rate. Furthermore we can see in the pictures (a) that the sample with the slowest 

moving impactor is the most homogenized powder with a lot of medium sized particles. 

Pictures (b) show a sharp edged, chipped of particle morphology for all samples. 

Influence of loaded mass 

 

Figure 5.1.19: SEM picture of powder that was milled 30 cycles (90 min) with a milling load of 

2 g at a milling rate of 15 (30 impacts/s) at magnifications of (a) x1000 and (b) x5000. 
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Figure 5.1.20: SEM picture of powder that was milled 30 cycles (90 min) with a milling load of 

6 g at a milling rate of 15 (30 impacts/s) at magnifications of (a) x1000 and (b) x5000. 

Figures 5.1.12, 5.1.19 and 5.1.20 show powder development depending on the loaded mass 

within the mill with a milling rate of 15 (30 impacts/s) and a milling time of 30 cycles (90 min). 

Even if we can spot one huge (> 20 µm) particle it is conspicuous that the 6 g sample (figure 

5.1.20(a)) has a lot more medium sized particles than other samples of this group. The fact 

observed in laser diffraction that this sample should have fewer small particles can’t be 

observed with clarity in these SEM pictures. This is due to the highly localized SEM 

observation spot that only allows qualitative observations. In the high magnification pictures 

(b) we can see again the chipped of and sharp edged particle morphology on which the 

changed milling load has apparently no effect.  
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5.1.4. Attempt of Vickers hardness testing 

In order to get a first idea of the mechanical properties of the powder particles and to get 

hardness values without the heat influence of the warm compaction, the first loads of milled 

powder were embedded using two different embedding methods as shown in figure 5.1.21 

and tested in the microdurometer. 

 

Figure 5.1.21: Embedded powder samples.  

Unfortunately, for some reasons it was soon obvious that a characterization of Vickers 

hardness for these samples isn’t possible in this way and with this equipment. Since most of 

the particles were really small, first and foremost it was challenging to touch them with the 

top of the indentation pyramid and, if touched and even using the smallest applicable weight, 

it was impossible to get valid indentations that don’t cross the particle borders. Furthermore, 

both indentation methods (epoxy resin with hardener and backelit) couldn’t guarantee to hold 

such tiny particles in place. Therefore some particles were pushed into the embedding during 

measuring, falsifying the measurement.  

The only particles, giving valid hardness values have been bigger particles. Unfortunately 

those weren’t milled properly and didn’t show the desired values with Vickers hardness of 

around 200 HV (same as cold welded pure iron) only. 
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5.2. Analysis of compact samples 

5.2.1. Density 

Density values were calculated in two ways: dividing the samples’ mass by its volume and by 

the more precise archimedic calculation by the density of distilled water at 24°C. Furthermore 

a relative density was calculated considering the pure iron density of 7,86g/cm3 and the more 

precise values obtained by the archimedic method. Collected data is shown in the 

table 5.2.1. 

Sample 
(cycles/rate) 

Mass dry 
[g] 

Mass wet 
[g] 

Volume 
[cm3] 

Density 
[g/cm3] 

Archimedic 
density [g/cm3] 

Relative density 
[%] 

30/15 0,450 0,390 0,0614 7,33 7,48 95,2 

30/15 (2) 0,277 0,240 0,0420 6,60 7,47 95,0 

45/10 0,323 0,280 0,0452 7,14 7,49 95,3 

60/15 1,127 0,977 0,1555 7,25 7,49 95,9 

90/15 0,907 0,787 0,1237 7,33 7,54 93,9 

90/5 0,996 0,861 0,1350 7,37 7,38 94,0 

105/15 0,484 0,419 0,0679 7,12 7,43 94,5 

120/15 0,526 0,455 0,0757 6,95 7,39 94,0 

120/15 (2) 0,852 0,735 0,1182 7,21 7,26 92,4 

135/5 0,913 0,798 0,1149 7,95 7,92 100,7 

135/5 (2) 0,569 0,496 0,0779 7,30 7,77 98,9 

Table 5.2.1: Mass, volume and densities of compact samples. All compact samples are 

made of powder with a milling load of 4 g. Sample names including (2) indicate that it is the 

second sample made from this powder charge. 

It wasn’t possible to introduce a scale into the glovebox but the samples had to be treated in 

an inert atmosphere because of the immediate oxidation in ambient air (see chapter 5.1.1). 

For this reason amounts of powder and wax had to be guessed, thus no constant 
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powder/wax ratio could be used and consequently densities and volumes of samples vary a 

lot. Nevertheless it was possible to obtain relative densities between 93.9% and 98.9%. 

Values obtained for sample 135/5 aren’t physically possible and can be considered as a 

measurement error. Differences between density and archimedic density can be explained 

by inexact volume measurement and ignoring possible porosity. 

5.2.2. Vickers hardness 

To test Vickers hardness a load of 0,05 kg was applied during 15 s. Obtained values are 

shown in table 5.2.2. To double-check the obtained values, a smaller number of indentations 

were made applying 0,2 kg. As usual these values are slightly higher (usually in the order of 

the standard deviation) because porosity or inhomogeneity of compact samples have not the 

same influence on different tests. They are shown in Table 5.2.3. 

 
Sample (cycles/rate) Average Vickers hardness [HV] Standard deviation [HV] 

30/15  328 58 

30/15 (only white particles) 202 33 

30/15 (only grey area) 347 30 

45/10 381 83 

45/10 (only white particles) 221 25 

45/10 (only gray area) 413 42 

45/15 342 123 

45/15 (only white particles) 221 88 

45/15 (only grey area) 480 65 

60/15 433 77 

90/5 377 89 

90/5 (only white particles) 203 33 

90/5 (only grey area) 414 36 

90/15 531 53 

105/15  516 41 

120/15 531 66 

135/5 419 66 

Table 5.2.2: Average Vickers hardness taken by applying a load of 0,05 kg during 15 s. All 

samples were made from powder with a milling load of 4 g. If not declared otherwise an 

equal number of indentations were made on different surface regions of the sample.   
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Sample (cycles/rate) Average Vickers hardness [HV] Standard deviation [HV] 

30/15 404 28 

45/10 405 25 

45/15 520 41 

60/15 410 67 

90/5 434 11 

120/15 569 24 

135/5 501 32 

Table 5.2.3: Average Vickers hardness taken by applying a load of 0,2 kg during 15 s. All 

samples were made from powder with a milling load of 4 g. 

During hardness testing we could observe different zones of different grain sizes. Zones, 

whiter than the surrounding grey area, appeared to be former big particles (see chapter 

5.2.4). In table 5.2.2 some hardness values are taken either from those zones or from the 

surrounding area exclusively. White zones offered only hardness values between 

approximately 200 HV and 220 HV, which are similar to those obtained by cold worked iron 

and only slightly higher than those of the compacted initial powder [33]. Grey areas offered 

always a higher hardness than average hardness and are most likely to have a higher 

percentage of nano sized grains.  

For powders milled at a rate of 15 (30 impacts/s) hardness values were generally rising with 

milling time up to a maximum of 531 HV for the sample that was milled for 120 cycles (360 

min). This can be observed as well for hardness values of table 5.2.3 (max. 567 HV). For 

both measurement series we observe values that are higher and doesn’t fit in this relation. 

Since these singularities don’t appear in both tables for the same samples it is highly likely 

that they are measurement artifacts due to inhomogeneity of the compact sample.  

For samples that were milled at a rate of 5 (10 impacts/s) a similar time dependence can be 

observed. Maximum values were 419 HV (test with 0,05 kg) and 501 HV (test with 0,2 kg) for 

the sample that was milled for 135 cycles. Apparently higher fragmentation and therefore 

higher amount of compacted nano particles in the sample 120/15 is the reason for lower 

hardness at longer milling times of sample135/5. 

For the impactor velocity group hardness values don’t change significantly and are between 

328 HV (30/15) and 380 HV (45/10) for indentations made with 0,05 kg and between 
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404 HV (30/15) and 434 HV (90/5) for indentations made with 0,2 kg. If we assume that a 

faster moving impactor creates more nanoparticles due to brittle fragmentation and a slower 

moving impactor creates more cold work hardening and nanostructuration due to severe 

plastic deformation it could be that these two influences on the hardness of the compact are 

equilibrated and keep hardness almost at the same level.  

5.2.3. Tensile tests 

As a last experiment at the end of the experimental period micro tensile tests were carried 

out. Unfortunately the sample 120/15 got lost during mechanization in the workshop. In 

general, a brittle fracture was observed with no previous plastic deformation. Therefore a 

graphic representation is omitted and table 5.2.4 only shows the respective fracture stresses 

in MPa. 

Sample 

(cycles/rate) 

Maximum fracture 

stress [MPa] 

30/15 341 

30/15 (2) 553 

45/10 395 

60/15 297 

90/5 222 

90/15 228 

105/15 132 

120/15 (2) 185 

135/5 455 

135/5 (2) 396 

Table 5.2.4: Maximum fracture stress of the compact samples in MPa. All the compact 

samples are made of powder with a milling load of 4g. The (2) in a sample name shows that 

it is the second sample made from this powder. 

Since all the samples fractured brittle it has to be stated that far to few samples of each 

group were tested for legitimate statistical assumptions. In most cases a brittle fracture is due 

to localized peak stresses at sites of defects, such as pores or cracks. Since all the samples 

are not perfectly dense and the fracture stress is determined by the largest present defect 

(Griffith theory), a correlation between a higher or lower density with a specific fracture stress 

is impossible. What can be said is that the highest fracture stress values can be found for 
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samples with a shorter milling time of high energetic milling (341 MPa and 553 MPa for 

30 cycles (90 min) at a rate of 15 (30 impacts/s)) or for samples with a long milling time of 

low energy milling (455 MPa and 396 MPa for 135 cycles (405 min) at a rate of 5 

(10 impacts/s)). For both samples exist two tensile test values that can differ a lot (difference 

of 212 MPa for the 30/15 samples), proving the point of being statistically meaningless, but 

that are still much higher than the obtained values for long high energy milling times 

(132 MPa for 105 cycles (315 min) and 185 MPa for 120 cycles (360 min)). Overall the 

obtained values are not very high (in the range of cold worked iron) and can’t compete with 

values of other research made on nanostructured iron (e.g. the work carried out by Montoliu 

[34] in the same time as this work or the work by Casas [33]) where ductile behavior was 

observed in nanostructured and ultra fine grained bimodal iron compact samples.  

The observed fracture stress difference between long time milled and short time milled 

samples or samples that were milled for a long time with slower impact velocity can be 

explained by the observed microstructure. The big particles that were conserved and 

plastically deformed and/or that were newly formed due to cold welding form a bimodal 

microstructure with the surrounding nanoparticles leading to a higher fracture stress. 

Furthermore it has to be considered that the previous heat treatment of 650°C (and the 

furnace-conditioned temperature oscillation) could have promoted a significant grain growth 

leading to a bimodal structure, as it was observed by Casas [33] for a heat treatment of 

660°C. It has to be said that these assumptions are made based on theories and that the 

observed differences in fracture stress lack of statistical prove. 

5.2.4. Optical microscope inspections 

Some of the etched compact samples were photographed using an optical microscope. 

Since magnification is smaller than magnification obtained by SEM, they serve pretty well the 

purpose of comparing different amounts of bigger particles in the microstructure of the 

compacts. Etching added a little contrast to the pictures, due to its selective attack of the 

different sized former particles. All pictures that can be seen in figures 5.2.1 to 5.2.4 show a 

representative part of the samples’ surface. 
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Figure 5.2.1: Microscope image of the etched compact sample that was milled for 60 

(180 min) cycles at 20x magnification. 

 

Figure 5.2.2: Microscope image of the etched compact sample that was milled for 90 

(270 min) cycles at 20x magnification 
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Figure 5.2.3: Microscope image of the etched compact sample that was milled for 105 

(315 min) cycles at 20x magnification 

 

Figure 5.2.4: Microscope image of the etched compact sample that was milled for 120 

(360 min) cycles at 20x magnification 
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Comparing these images milling-time dependent particle refinement is visible at the first 

glance. Even if we can’t make a reliable statement on the smallest particles, which occupy 

the major part of the compacts’ volume and are visible as grey matter on the images, we can 

clearly say that the amount of big and mid sized particles is reduced by longer milling times. 

In fact above 90 cycles (270 min) of milling huge particles disappear completely. Furthermore 

we can see that most of big and mid-sized particles appear flattened. For example the big 

particle in the middle of figure 5.2.1 shows a length of approximately 85 µm but only a width 

of 15-30 µm. Since initial powder had almost spherical particles (cf. figure 4.2.1) those 

observations point to the assumption that beside brittle fragmentation of powder particles 

there is still some plastic deformation happening in the cryogenic milling process.  

5.2.5. Experiments in SEM 

5.2.5.1. SEM picture evaluation  

Samples are etched up to 30 s prior to SEM investigations (for comparison: the etching time 

in the work on nanostructured iron powder compacts by Casas [33] was 4 seconds). Big 

particles of the slightly bimodal microstructure are well attacked and the grain structure can 

be observed. Furthermore some small particles are distinguishable offering us a closer 

insight on the nanostructure of the compact samples. The figures 5.2.5 to 5.2.8 show the 

most characteristic pictures that were taken. 
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Figure 5.2.5: SEM pictures taken at magnifications of (a) 2.500x, (b) 5.000x, (c) 10.000x and 

(d) 50.000x of the compact sample made of powder milled for 60 cycles (180 min) with a 

milling load of 4 g at a milling rate of 15 (30 impacts/s). 

Observing pictures (a) of the different figures particle refinement with milling time gets 

apparent even if the strong magnification of SEM does not allow a quantitative evaluation. 

Selective attack of the bimodal structure leads to satisfyingly visible grains in the former big 

particles and to an almost plain but holed surface in the area of former nanoparticles. 
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Figure 5.2.6: SEM pictures taken at magnifications of (a) 2.500x, (b) 5.000x, (c) 10.000x and 

(d) 50.000x of the compact sample made of powder milled for 90 cycles (270 min) with a 

milling load of 4 g at a milling rate of 15 (30 impacts/s). 

An interesting observation is, that often not only the big particles but also their grains are 

flattened (i.e. figures 5.2.5 (b) and (c), 5.2.7 (c) and 5.2.8 (b)). This is as well a result of a 

plastic deformation upon milling. Furthermore a grain refinement can be seen in the former 

big particles. A large number of the grains has diameters below 1 µm which points to the 

assumption that some severe plastic deformation happened beside the fragmentation of the 

metal particles during milling. Figure 5.2.8 (c) even shows particles with characteristic length 

below 500 nm that can therefore be considered as ultrafine grained. 



Preparation of nanostructured iron by mechanical milling under cryogenic conditions  87 

 

 

Figure 5.2.7: SEM pictures taken at magnifications of (a) 2.500x, (b) 5.000x, (c) 10.000x and 

(d) 50.000x of the compact sample made of powder milled for 105 cycles (315 min) with a 

milling load of 4 g at a milling rate of 15 (30 impacts/s). 

Figures 5.2.5 to 5.2.8 (d) show images taken from etching holes in the plane surface of the 

sample. In all of them the nano particle nature of the powder can be observed. Since we 

can’t make any quantitative assumptions about size distribution at the nanometer scale 

based on these SEM pictures, we can only state that nano sized grains/particles are present 

in every one of the samples. The bulky structure of the holes’ surface is likely to be an 

etching artifact. 
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Figure 5.2.8: SEM pictures taken at magnifications of (a) 2.500x, (b) 5.000x, (c) 10.000x and 

(d) 50.000x of the compact sample made of powder milled for 120 cycles (360 min) with a 

milling load of 4 g at a milling rate of 15 (30 impacts/s). 

 

Figure 5.2.9 shows another picture of the compact sample that was milled for 120 cycles 

(360 min) at a magnification of 75.000x. As pictures (d) of the previous figures, the picture 

was taken in one of the etching holes of the fine-grained area of the surface. It shows clearly 

nano-structuration of the material in which we can distinguish different grain sizes.  

To aid distinguishability grain boundaries of some grains were redrawn and grains were 

colored in yellow. It is likely that other parts of the material is structured in a similar way as 

particles form a union with surrounding material (grains), but their grain boundaries can’t be 

seen due to the weak etching attack. Grain sizes of the yellow grains are clearly below 100 

nm in diameter but only few of the observable grains have a diameter below 50 nm. It is 

highly likely that these grains are former nanometric particles that don’t have any subgrains. 
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Another group of even smaller grains seems to be detached (particle-like) from the 

surrounding material (some are indicated with red arrows). Some of them have grain sizes of 

less than 20 nm. A selective etching consumption of the surrounding material that didn’t 

affect these small grains could be an explanation of their particle-like exposure.  

 

Figure 5.2.9: SEM pictures taken at magnifications of 75.000x of the compact sample made 

of powder milled for 120 cycles (360 min) with a milling load of 4 g at a milling rate of 15 (30 

impacts/s). Grains of a few nanometers in diameter can be clearly identified (yellow zones) 

and the smallest particle-like grains seem detached from surrounding material (red arrows).  

5.2.5.2. Contamination test using EDX 

Since all experimentation equipment was used for similar tests on copper powder in parallel 

to this work and malfunctioning of the machine caused impactor edges to chip of in some 

milling experiments, EDX tests were done to assure that the powder samples aren’t 

contaminated with other elements and that an observed phenomenon isn’t due to any 

formation of alloys during the milling or compaction process. 
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It has to be stated that EDX is just a qualitative and not a quantitative measuring method. 

Thus we can’t make any statement about the present amount of elements that were found. 

All EDX spectra that were taken, independent from where they were taken, showed the 

same three elements (Fe, C and O), therefore only one representative measurement is 

shown. Figure 5.2.10 shows a representative EDX spectra of the compact sample made 

from powder that was milled for 12 cycles with a milling load of 4 g and a milling rate of 15.  

Since no chromium has been found we can assume that the slight chipping of the 440C steel 

impactor does not affect properties of our samples in significant way. The sole sign of cross 

contamination with copper experiments is shown in figure 5.2.11. Since all EDX spectra of 

the compacted powder don’t show any copper, the pure particle on the surface of the 

compact sample the microscope image is showing is most likely a contamination singularity 

which happened while filling the die for compaction in the jointly used glove box.  

 

Figure 5.2.10: Representative EDX measurement of the compact sample that was made of 

powder, which was milled for 120 cycles (360 min) with a milling load of 4 g at a milling rate 

of 15 (30 impacts/s). 
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Figure 5.2.11: Big copper particle found on the surface of the compact sample made of the 

powder, which was milled for 105 cycles (315 min) with a milling load of 4 g at a milling rate 

of 15 (30 impacts/s). 

It can be said that there is only the expected amount of contamination. Carbon contend is 

most likely due to a measurement of leftover CO2 molecules in the quasi-vacuum of the SEM 

observation chamber and/or to some amount of carbon coming from slight grinding of the 

inner walls of the vials’ polycarbonate tube. Since samples were handled in ambient air after 

the compaction process, oxygen comes from a slight oxidation of the samples surface. 

5.2.5.3. EBSD 

Since an observation of the nanostructured part of the compact material was not satisfyingly 

possible with the SEM images due to the limited etching results, another compact sample of 

the powder milled 120 cycles (360 min) was prepared for electron backscatter diffraction. 

Unfortunately the nanostructured part of the surface caused problems again as we can see 

in figure 5.2.12. In the first attempt, the nanoparticle area was scratched during preparation. 

Judging by scratch sizes they were caused by ripped of nanoparticles during polishing with 

colloidal silica. In the second attempt the sample was polished again whilst paying attention 

to the applied pressure. This made the scratches disappear but indexation still wasn’t 

satisfying within the nanoparticle area. 
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Figure 5.2.12: (a) SEM image showing the EBSD analyzed area. Scratches are most likely 

caused by pull out particles during sample preparation. (b) SEM image of the second attempt 

with EBSD orientation indexation overlay. The nanoparticle area does not show a good 

indexation.  

Even if we have to consider a large error due to the extrapolation made by the EBSD data 

treatment program and therefore an important enlargement of the nano-grains, results can 

still be of use to get an approximate “smaller than” impression of the microstructure. 

Furthermore, bigger grained areas are indexed well enough to be analyzed. 

Orientation maps are colored according to the different crystal orientations in the detected 

and extrapolated grains. Figure 5.2.13 displays the colors that correspond to the different 

orientations. In the orientation maps black lines indicate true grain boundaries (misorientation 

> 15°) whilst white lines indicate subgrain boundaries (misorientation between 2° and 15°). 

 

Figure 5.2.13: Color-coding of different crystal orientations. 
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Figure 5.2.14: Overview orientation map of the first EBSD attempt measured with a step size 

of 30 nm. Small-grained area is highly extrapolated and a smaller grain size and different 

shapes can be assumed. 

 

Figure 5.2.15: Logarithmic grain diameter histogram for the EBSD picture shown in figure 

5.2.14 
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In the overview image of the first attempt, which can be seen in figure 5.2.14 two zones of 

grains can be distinguished: A small grained and highly extrapolated zone and a large 

grained zone that is analyzed more closely in figure 5.2.16.  

As we can see in the grain size distribution in figure 5.2.15 and in the summarizing table 

5.2.5, most grains have diameters below 1 µm with an average grain size of 0,4 µm. Since 

we are observing an over all image with a wide range of grain sizes it is understandable that 

the standard deviation with a value of 0,44 µm is larger than the average grain size. A 

minimal value of 0,03 µm is a logic consequence of the step size of 0,03 µm. Unfortunately 

we can only make approximate assumptions concerning the small-grained area based on 

values mentioned above. Due to extrapolation many of the small grains have unnatural 

geometries, which aren’t coinciding with grain geometries observed in the SEM pictures. 

Furthermore extrapolation caused an important virtual grain enlargement. This falsification 

and bad indexation is mainly due to the large step size. A step size of 30 nm does not 

resolve sufficiently to detect grains with diameters below it and even bigger diameters 

(between 30 and 100nm) are hard to detect exactly, because it is highly possible to touch a 

grain boundary or triple junction that can’t be indexed.  

Considering all these aspects we can assume that the average grain size in the small-

grained area is far below the over all average and definitely in the nanostructured range 

(< 100 nm). It is highly likely that some grains have diameters around or even below the step 

size but this has to be proved in further studies using a smaller step size after finding a way 

to improve indexation of the individual grains or using another observation technique. 
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Figure 5.2.16: Orientation map of a smaller area of the first EBSD attempt made with a step 

size of 20 nm. 

 

Figure 5.2.17: Histogram of the different grain diameters for the EBSD picture shown in 

figure 5.2.16 
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The average grain size in the area of larger grains is 0,82 µm (figure 5.2.16). As it can be 

seen in figure 5.2.17 the column of the smallest measured grain has a value of ca. 37% 

dominating all other sizes. A small amount of large grains that have diameters above 1 µm 

up to a maximum of 6,5 µm can be observed too. Due to this wide grain size distribution the 

standard deviation is 1,18µm. The minimal grain size value of 0,02 µm is lower than the one 

observed in the previous image due to the smaller step size of the analysis. In the picture we 

can see that the largest grains appear to be flattened. Together with the observation of 

subgrain boundaries and changing orientations throughout the grain (visible in form of fading 

colors without grain boundaries) we can assume that those grains were created through 

sever plastic deformation during the milling process. Concluding we can say, that the 

reaction of iron powder in this milling process at this rate under cryogenic conditions isn’t 

completely brittle. 

Similar observations can be made concerning the analyzed big grain area of the second 

attempt that can be seen in figure 5.2.18. It shows a little lower average grain size of 0,66 µm 

and, due to its closer distributed grain sizes, its standard deviation is lower than the average 

with a value of 0,59 µm. It has to be said that these values vary a little if we include the 

unnatural observation area borders as well. 

Finally we can assume that EBSD was a good attempt to observe and characterize the 

bigger grains but that this technique is not really applicable to observe the nano grains. Since 

a lot of grains have diameters around the step size, EBSD measurements can’t deliver 

reliable values. 
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Figure 5.2.18: Orientation map of the second EBSD attempt without showing subgrain 

borders. Only well indexed large grained region was analyzed and appears contrasted in the 

image. A group of stretched grains in the middle of the image is a measurement artifact due 

to sample movement during maping. 

 

Figure 5.2.19: Logarithmic grain diameter distribution for the EBSD picture shown in figure 

5.2.18 without consideration of the observation area borders. 
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 Figure 5.2.14 Figure 5.2.16 Figure 5.2.18  

(without borders) 

Figure 5.2.18  

(with borders) 

Average [µm] 0,4 0,82 0,66 0,69 

Variance [µm] 0,19 1,4 0,35 0,38 

Standard 

deviation [µm] 

0,44 1,18 0,59 0,61 

Min. value [µm] 0,03 0,02 0,03 0,03 

Max. value [µm] 8,1 6,59 3,14 3,14 

Number of grains 2044 157 98 101 

Table 5.2.5: Determined grain diameter values for the different EBSD analysis images.  

 

5.3. Overview*for*the*experimental*groups**

As demonstrated, nanostructured iron was successfully fabricated by means of cryogenic 

milling with a SPEX freezer/mill. For a better understanding and a general overview on the 

microstructural evolution of the investigated samples this section will review and discuss all 

results in context of the observational groups defined by their characteristic parameters. 

Localization of all observational groups in the experimental plan can be seen in figures 5.3.1 

to 5.3.3. For a better readability particle/grain-sizes groups are named again as follows: small 

(d < 1 µm), medium (1 µm < d < 6 µm), big (6 µm < d < 20 µm) and huge (20 µm < d). 
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5.3.1. Influence of milling time 

 

Figure 5.3.1: Localization of experimental groups in the experimental design to investigate 

the influence of milling parameters. (for higher resolution and legend see figure 4.5.2). 

Initial experiments of the first experimental design showed that significantly longer milling 

times were needed than previously anticipated. Thus an altered second experimental design 

was chosen, focusing on a principal observation group with a milling load of 4 g to investigate 

the influence of milling time on the powder evolution. Therefore most experiments were 

solely carried out for this group and were not combined with other parameter changes due to 

unsatisfying efficiency (e.g. EBSD) or a lack of time within the scope of this master thesis.  

Laser diffraction experiments unveiled that increased milling times reduced the amount of 

huge and big particles significantly in favor of medium and small particles. This finding is 

attributed to the effect that huge and big particles were predominantly selected for 

fragmentation than medium sized particles. Furthermore a phenomenon was observed that 

higher milling times of 90 - 120 cycles (270 – 360 min) with a high milling rate of 

15 (30 impacts/s) seem to “built-up” medium sized particles. This could be due to a particle 

agglomeration and cold welding of nano-particles. This effect was also observed for particle 

size evolution at a lower milling rate of 5 (10 impacts/s). (cf. figures 5.1.2, 5.1.3, 5.1.6 and 

5.1.7) The observed phenomena are supported by SEM images of powder samples that 

show a continuous particle refinement with milling time. (cf. figures 5.1.11 to 5.1.16) Particles 

sharp edged morphology shows that particle refinement is caused by ripping and chipping-off 

rather than plastic deformation. This behavior is attributed to the cold milling temperatures 

causing bcc-structured materials such as α-iron to react brittle. Beside that, pictures of 

samples with higher milling times showed a “rounding” of produced particles and small 

particles agglomerated on the surface of larger particles. These observations point to the 
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already suggested share of plastic deformation and possible cold welding in the ongoing 

milling process.  

Observations of compacted samples by optical microscopy and SEM show again the 

described particle refinement (cf. figures 5.2.5 to 5.2.8) with grain sizes below 20 nm (cf. 

figure 5.2.9). It is highly likely that theses grains are former nanoparticles that do not have 

any subgrains. In accordance with the Hall-Petch relation this grain refinement causes an 

increase in observed hardness values up to a maximum of 531 HV (569 HV with a testing 

load of 0,02 kg) for sample 120/15. Increasing hardness values were observed as well for the 

two samples that were milled at a rate of 5 (10 impacts/s) up to a maximum of 419 HV with a 

testing load of 0,05 kg for sample 135/5 (501 HV with a testing load of 0,2 kg). The lower 

hardness values of the rate 5 samples are most likely due to a less energetic milling process 

creating less nano particles and favoring plastic deformation and cold welding processes. In 

the high energetic milling samples it was sometimes possible to individually observe huge 

particles. Sample regions of such huge particles show a milling time independent hardness 

maximum of 221 HV, which is comparable to cold worked iron and only slightly higher than 

observed values for the compacted initial powder (158 HV, cf. [33]). Additionally it was found 

that a great share of huge and big particles still present in the microstructure were flattened. 

SEM and EBSD observations (cf. Figure 5.2.14 to 5.2.19) show a deformed and flattened 

microstructure within these grains with a few newly formed nanometer sized grains and 

some small angle grain boundaries that can be attributed most likely to a severe plastic 

deformation process. In further studies it would be interesting to produce samples with even 

longer milling times in order to see if agglomeration and cold welding processes continue to 

create a more bimodal microstructure. 
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5.3.2. Influence of loaded mass 

 

Figure 5.3.2: Localization of the experimental group to investigate the influence of loaded 

milling mass within the experimental design. (for higher resolution and legend see figure 

4.5.2). 

At the beginning of the experimental period it was discovered that a milling load of 2 g is 

insufficient. Thus most samples were fabricated with milling loads of 4 g to produce 

sufficiently large amounts of milled material for all investigations. To investigate the influence 

of the milling load mass samples with 2, 4 or 6 g were fabricated with 30 cycles (90 min) of 

milling at a rate of 15 (30 impacts/s). The idea for this investigation arose from an observed 

pyrophoric behavior of a 2 g sample of this milling charge upon weighing in ambient air. Due 

to our focus on other experimental groups no compacts where made of these samples. 

Laser diffraction investigations (cf. Figures 5.1.8 and 5.1.9) unveiled that an increasing 

milling load favored production of medium and big particles and decreased amounts of small 

and huge particles. In terms of a higher concentration of medium sized particles SEM 

pictures are supporting this observation (cf. Figures 5.1.12, 5.1.19 and 5.1.20). Furthermore 

these pictures proved that no conspicuous change of deformation mode happened. All 

samples showed ripped and chipped-off particles shapes. Dominance of medium and big 

particles can be explained by brittle, huge particles crushing each other and a high amount of 

medium particles shielding each other from being milled in a way that the average impact 

energy does not suffice to crush this large amount of particles at once.  
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5.3.3. Influence of impact velocity 

 

Figure 5.3.3: Localization of the experimental group to investigate the influence of impact 

velocity within the experimental design. (for higher resolution and legend see figure 4.5.2). 

Since the SPEX freezer/mill offers a possibility to change the impact rate and therefore the 

amount of kinetically induced energy it is interesting to observe the influence of the impact 

velocity on the milled powder. For this sample group milling times were altered to keep the 

total number of impacts constant for all samples. Impact energy is characterized by the 

applied impact rate as a parameter for impact velocity. 

By laser diffraction experiments (cf. figures 5.1.4 and 5.1.5) it was observed that huge and 

big particles are more likely to be selected for fragmentation by a decreasing impact rate, 

thus impact energy. This could be attributed to a combination of brittle fragmentation, which 

is dominant for higher impact velocities, and fragmentation due to the exceeding of the 

maximum deformation degree, which is predominant for lower impact velocities. Another 

approach to explain the observed powder evolution is that a slower impactor allows powder 

particles to assume a more favorable position for milling. Furthermore laser diffraction 

showed that a faster moving impactor creates more small particles while a lower velocity 

promotes the creation of medium sized particles. SEM images of milled powder samples 

(cf. figures 5.1.12, 5.1.17 and 5.1.18) support findings of the laser diffraction experiments and 

depict that maximum homogeneity is achieved for the sample with the longest milling time 

and the slowest moving impactor. It is highly likely that a milling mode with a slower impactor 

causes a higher share of plastic deformation processes. Hardness values of all three 

compacted samples are found to be similar (between 328 HV and 380 HV for a load of 

0,05 kg and 404 HV and 434 HV for a load of 0,2 kg). This can be explained by an 

equilibrium between two influences on hardness: firstly, a higher amount of compacted 
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nanoparticles created by high energy milling following the Hall-Petch relation and secondly, a 

bigger share of cold work hardening and nanostructuration due to severe plastic deformation 

upon low energy milling. 
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6. Conclusions  

The present work investigated a new process for fabrication of nano-structured iron 

employing a SPEX freezer/mill. Influence of multiple process parameters was analyzed 

regarding nano-sized iron particles development upon milling and final properties of 

compacted, nanostructured iron.  

It could be shown that cryogenic milling temperatures lead to a brittle behavior of the iron 

powder upon milling resulting in particles with rather sharp edges and elongated shapes. It 

was found that larger particle sizes are more likely to be selected for fragmentation and that 

longer milling times can promote nanoparticles formation and agglomeration. Short milling 

times result in a strongly inhomogeneous size distribution of milled particles leading to a 

heterogeneous microstructure of compacted samples. Milling energy investigations showed 

that high energies promote fragmentation of particles, while lower milling energies produce a 

higher share of plastically deformed particles and agglomerations. 

Compact samples, which were produced by cold and subsequent warm compaction, showed 

hardness values of 531 HV comparable to reported values for nano-structured pure iron 

produced by other methods such as ball milling. Microstructure investigations of compacts 

proved that the nanometer size structure of particles is conserved during the employed warm 

compaction process. Therefore nano-structured microstructures were successfully created, 

following a “bottom-up” process by synthesis of former nanoparticles becoming the nano-

sized grains of compacts. Larger particles led to plastically deformed (flattened) grains upon 

compaction. Furthermore grain refinement and creation of low angle grain boundaries due to 

severe plastic deformation was observed. 

To conclude it can be said that all principal challenges of this work were accomplished. A 

new process to produce nano-structured iron via cryomilling was successfully set in place 

and many nano-structured iron-samples based on a wide range of parameters could be 

produced and analyzed using the SPEX freezer/mill cryomill. Future investigations can be 

based on the process described in this work to further investigate milling mechanisms and 

milling parameters to create nanostructured iron samples with optimum properties. 



106 Jonathan Germann AMASE Master Thesis 

 

 



Preparation of nanostructured iron by mechanical milling under cryogenic conditions  107 

 

7. Outlook  

This work introduced the process of cryomilling with a SPEX freezer/mill for the fabrication of 

nano-structured iron. Within this master thesis the number of investigated parameters of this 

new process was limited. For future investigations several possible ways exist to continue 

with the subject of cryomilling.  

• Fabricated!samples!need!to!be!investigated!further!by!characterizing!the!obtained!

powder!samples!and!their!nanostructures! in!more!detail.!This!could!be!achieved!

by! improved!preparation!methods! that! improve! the! observation! using! SEM!and!

render!hardness!measurements!on!powder!samples!possible.!

• As!EBSD!proved!to!be!insufficient,!precise!characterization!of!the!nanostructure!of!

compact!samples!could!be!achieved!using!transmission!electron!microscopy!(TEM)!

allowing!a!closer!insight!on!nanostructures!and!its!consolidation!mechanisms.!

• Another! important! aspect! for! future! studies! is! further! investigation,!

characterization! and! optimization! of! the! milling! process! and! its! comparison! to!

other! cryogenic! milling! methods.! For! that! purpose! influences! of! the! milling!

parameters! that! were! defined! within! this! work! should! be! investigated! in! more!

detail,!including:!

o Research on the use of different milling loads for different milling times!
o Expanding milling time further to investigate future powder evolution!
o Analysis of different milling rates and the related deformation processes!
o Optimization of different milling parameters to influence powder 

morphology and homogeneity to improve final properties of nanostructured 

iron!

• The! influence! of! different! heat! treatments! on! microstructure! and! fracture!

behavior!need!to!be!analyzed!in!order!to!obtain!materials!that!are!simultaneously!

hard!and!ductile.!

Finally all named aspects should focus on the aim to produce completely dense compact 

samples of nanostructured iron with optimum mechanical and physical properties.
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8. Environmental impact 

From a toxicological point of view the environmental impact of this work is not significant. 

During sample preparation very small amounts of acetone, 2% nital (2% sulfuric acid, 

ethanol), methanol and ethanol were used to clean samples. Furthermore a small amount of 

epoxiresin was used, which is toxic when not combined with hardener. The only toxicological 

significant gas was the evaporating disulfur-molybdenum lubricant that was used in negligible 

small amounts. Argon is a noble gas and therefore inert and evaporated nitrogen does not 

react with the environment (major parts of ambient air are nitrogen). 

Generally, the produced iron powder can’t be considered as harmful since it reacts to the 

very common iron oxide almost immediately after being in contact with oxygen in ambient air, 

due to its high surface area. The produced amounts of iron powder or rather iron oxide 

powder that entered the sewage cycle were not sufficient to cause environmental impact. 

Nevertheless, airborne particles should be considered when entering the human body 

especially if nanometer-sized because of possible allergic reactions. Since iron oxide is 

common in our body and daily life it is considered non-toxic when pure and not present in a 

considerable overdose [38]. 

The environmental impact of this work is mostly related to a rather high energy consumption 

and therefore to the environmental impact of energy production. Production of liquid nitrogen 

is a very energy consuming process and the milling process required on average 60l per 

sample. The mill itself consumes a considerable amount of electricity due to its long milling 

times. Furthermore the universal testing machine, the heating chamber, the tube furnace and 

the different SEMs consume energy. Total electricity consumption is at a standard level for 

research in the powder metallurgical area. Improvements could be made in further studies 

concerning eventual up scaling or optimization of the process and the environmental impact. 

The environmental footprint of energy consumption could be significantly improved by the 

use of renewable energies. 
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9. Cost evaluation 

Table 9.1.1 shows an overview of all the expenses of this work. Considered were all major 

matters of expense such as consumables, measurement time and pay for working hours of 

departments and external staff. Presented are approximate values to give an idea of the total 

costs of the project, since exact values, including equipment wear, were not recorded.  

Matter of expense Costs per unit Unities Costs 

Milling impactors 100 €/unit 2 200 € 

Milling vials 50 €/unit 3 150 € 

Liquid nitrogen 1 €/l 1000 l 1000 € 

Argon 10 €/m3 2 m3 20 € 

Further energy consumption (Milling, 

INSTRON, heating chamber, furnace, 

measuring equipment, etc.) 

70 €/sample 13 910 € 

SEM/EBSD measurement time 

(including technician)  

30 €/h 36 h 1080 € 

Laser diffraction measurement time  8 €/h 6 h 48 € 

Workshop sample preparation 60 €/sample 10 600 € 

Further consumables (grinding paper , 

chemicals, rubber gloves, etc.)  

_ _ 200 € 

Working time 15€/h 500 h 7500 € 

Total costs 11708 € 

Table 9.1.1: Overview of the work’s expenses and total costs 
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