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1. Abstract
Nanostructured copper powder was synthesized using high velocity cryomilling in order to 

induce  deformation  twinning and deformation  twins  in  the  refined microstructure.  The 

powder was cold compacted and the Vickers hardness determined. A characterization of the 

powder  evolution  with  increasing  milling  time  was  done  using  scanning  electron 

microscopy  and  its  microstructure  was  analysed  with  electron  backscatter  diffraction 

(EBSD) and transmission electron microscopy (TEM). The mean hardness for low milling 

times was around 140 HV and for high milling times around 170 HV. In this final state, the 

microstructure  was  not  homogeneous  and  showed  three  different  grain-types: 

Nanostructured or ultrafine grains around 100-500 nm with nanosized twins, nanosized 

grains smaller than 50 nm and large equiaxed grains of 1 µm of diameter. The mean twin 

spacing in the nanotwinned grains was around 15 nm.
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2.  Introduction
Copper is a very important metal with a annual production of more than 15 million tons. 

Pure copper is mainly used in construction for its chemical and mechanical properties and 

the in electric industry for its high conductivity. Usually, one has to choose between high 

mechanical properties and a high conductivity. In materials science, a high conductivity 

usually excludes a high tensile strength and contrariwise. Recent publications  [1] report 

about ultrafine grained copper with nanoscale twins. This means that the pure copper has a 

grain size around 300 nm and inside these grains are twins with a spacing of around 15 nm. 

This particular  kind of copper  shows excellent  mechanical  properties,  including a high 

ductility which is not evident for nanostructured materials and a just 5% lowered electrical 

conductivity  compared  to  normal  coarse  grained  copper.  The  mechanical  strength  and 

ductility  is  even  higher  than  nanograined  copper.  However,  the  problem  lies  in  the 

production process.  Lu et  al.  used a  pulsed electrodeposition technique to  produce the 

sample. This is well suited to produce thin layers of a material, but unfortunately it takes 

very long time to produce thicker samples. It is now important to explore new production 

processes in order to find a way to produce larger samples that have a similar or the same 

microstructure with similar electrical  and mechanical  properties as the electrodeposited 

copper. Possible processes are mechanical milling, equal-channel angular pressing (ECAP) 

or cryomilling.
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3. Aim of the thesis
The aim of this project is the production of nanotwinned copper by cryogenic milling. 

Recent publications  [1], [2] stated the production of copper with equally high strength, 

ductility and conductivity due to nanoscale growth twins in ultrafine grained copper by the 

means  of  pulsed  electrodeposition.  In  order  to  obtain  large  quantities  of  nanotwinned 

copper, it was attempted to produce a similar, nanotwinned, microsctructure by milling at 

liquid  nitrogen  temperatures  and  high strain  rates.  The  produced  powder  will  then  be 

analysed using SEM, TEM and EBSD and microhardness testing.
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4. Theoretical overview

4.1.  Nanostructured materials

There are a large number of nanostructured materials, which means materials built up out of 

nanosized  structures,  in  use for  a  long time without  considering  them as  nanostructured 

materials.  Examples  are  perlite  in  steels,  all  kind  of  semicrystalline  polymers  or  several 

ceramic materials. In case of metallic materials, these structures are grains. If the grain size is 

below 100 nm, the material is called nanostructured or nanocrystalline (nc) and if the grain 

size is between 100 nm and 500 nm ultrafine grained (ufg).

The first complete overview of nanostructured materials was given by H. Gleiter  in 1989 in 

his fundamental paper nanocrystalline materials [3], nowadays they are called nanostructured 

materials. Since then a very large number of papers have been published in this now wide-

ranging field of materials science.

4.1.1. History

Nanostructured  materials  have  been  in  use  for  a  long  time  but  have  not  always  been 

considered as nanostructured. Perlite can be named as an example. In 1906, Wilm observed an 

important age hardening in Al-Cu-Mg-Mn.alloys, today known as Duralumin. In 1919, the 

theory of sub-micron particles causing this effect was published by Merica et al. Their theory 

was later confirmed by X-ray diffraction and even later transmission electron microscopy. The 

precipitates  are  known as  GP zones,  GPII  zones  and  θ'-zones.  GP and  GPII  zones  are 

coherent,  θ' is metastable and partially coherent. If the alloy is overaged it will form the 

stable,  non-coherent  θ-phase.  The  GP zones  are  named  after  Guinier  and  Presten,  who 

suggested their existence after diffusive x-ray scattering. Thicknesses of the zones are around 

1nm  or  less.  The  discovery,  while  being  accidental,  was  very  important  for  the  then 

developing aerospace industry,  since both a strong and light material was now available. 

Another important step to the development of nanostructured materials was the invention of 

the transmission electron microscope (TEM) by Knoll and Ruska and the scanning electron 

microscope (SEM) in 1942 by Zworykin. Without those, a characterization of nanostructured 
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materials would be very hard or impossible. The development of ultrafine grained materials 

started in the 1960s with Fisher, Emurby and Armstrong. They tried to achieve the theoretical 

strength of materials of G/10 by pushing the Hall-Petch relationship to its limits. Another 

motivation was the knowledge, that superplasticity exists at higher strain rates for smaller 

grain sizes. Langford and Cohen and Rack and Cohen observed grain sizes around 300nm in 

cold drawn Fe-C and Fe-Ti wires. They went up to true strains of 7. The flow stress increased 

up to 1GPa. In 1968 Schladitz et al. produced small polycrystalline iron whiskers with grain 

sizes around from 5nm to 20nm. These can be considered as the first nanocrystalline metal 

objects.  The  predicted  strength  of  these  whiskers,  using  Hall-Petch 

(σ 0=70 MPa ,k=17MPa m−1 /2) was 5,5GPa.  The  whiskers  were  produced  by means  of 

chemical vapour deposition and were just 20μm long. The research field of nanostructured 

materials started with the synthesis of nanostructured metals by Gleiter in 1981 using inert gas 

condensation and in-situ consolidation. His paper from 1989 was the first overview of this 

field of science. Its importance is shown by its more than 1300 citations. [4]

4.1.2. Structures and properties

Materials are called nanostructured if their structural characteristic length is between 1nm and 

100nm. If the characteristic length is between 100nm and 500nm, they are called ultrafine 

grained materials. Nanostructured materials can be divided into three main categories: 

• Materials/devices of nanometric dimensions

• Materials/devices where the nanometric structure is limited to the surface of 

the material/ device and applied via a surface treatment.

• Bulk materials of macroscopic dimensions but with an internal structure which 

characteristic length is nanometric, like a nanometric microstructure or grain 

size.

In the third class, the bulk nanostructured materials, two major groups can be distinguished: 

first homogeneous solids such as glasses, supersaturated solutions gels or implanted materials. 

Their atomic and/or chemical composition varies in space continuously throughout the whole 

material on an atomic level. They are mostly produced by quenching of melted materials to 
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bring them out of their steady-state. The second group are the microstructural heterogeneous 

materials. They are assembled out of nanosized blocks, such as grains. Between this blocks 

are boundary regions, e.g. grain boundaries or triple junctions. They can be further divided, 

according to their shape of crystallites and chemical composition as can be seen in figure 1.  

This  table  was  proposed  by  Gleiter  and  introduces  4  families  and  3  categories  of 

nanostructured materials. 

Fig.  1: Classification  scheme  for  nanostructured  materials  (NSM)  according  to  their  

chemical composition (families of NSM) and shape of their crystallites (categories of NSM).  

In  the  first  two  families,  the  boundary  regions  are  indicated  in  black,  the  atomic  

arrangements are different here from the crystallites while the chemical composition is the  

same in the first family. In the second family, the boundary regions have a concentration  

gradient, since the different crystallites have different chemical compositions. [5]

Gleiter divides the morphology of the NSM in three categories, layer-shaped, rod-shaped and 

equiaxed crystallites. The diameter of the rods and the thickness of the layers are in the range 
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of  some  nanometres.  These  three  shapes  cover  nearly  every  possible  form  of  grains. 

Distinguishing the four families, the chemical composition is taken into account. The simplest 

case  is  family  1,  with  the  same  chemical  composition  throughout  the  whole  material, 

crystallites as well as boundary regions. In family 2, there are grains with different chemical 

compositions, the boundary regions in between show a strong chemical gradient. A strong 

variation between boundary regions and crystallites is characteristic of the third family. This 

can be the case if one material precipitates primary on boundaries, for example single atoms 

or molecules. In this case the structural modulation is linked to the chemical composition. 

Family 4 constitutes the case of crystallites dispersed in a matrix. Examples for this can be 

found in precipitation hardened alley such as Ni-base superalloys used in high-temperature 

environments like aircraft engines. [3–5]

Noncrystalline  or  semicrystalline  nanostructured  materials,  such as  polymers  will  not  be 

considered here since they are not of interest to the current project

Compared  to  microstructured  materials,  nanostructured  materials  have  a  much  higher 

percentage of atoms in boundary regions, which means atoms in intercrystal regions or triple 

junctions. This strongly can influence the materials properties. Figure 2 shows the volume 

percentage of boundary depending on the grain size, assuming a boundary thickness of 1nm. 

A two-dimensional representation of a nanostructured material is given in figure 3. Black 

circles represent atoms in the centre of crystallites, open circles are atoms in boundary core 

regions. The boundary regions have a high density of incoherent surfaces and/or other lattice 

defects, such as dislocations, vacancies etc. As a result, the nearest neighbour coordination 

number and the density of nanostructured metals are lower in comparison to microstructured 

materials.



4. Theoretical overview 13

Fig. 2: Volume fraction of intercrystal regions and triple junctions as a function of the grain  

size. Boundary thickness is assumed to be 1nm. [4]

Fig. 3: Two-dimensional representation of a nanostructured material, black circles represent  

atoms in the centre of crystallites, open ones atoms in boundary core regions. [4]

The interfacial regions seem to be different between nanostructured materials and normal 

microcrystalline  materials,  e.g.  in  their  chemical  composition,  structure,  orientation. 

Molecular dynamics simulations point to a difference in the behaviour of the rigid body 

translation. In normal materials adjacent grains can shift up to some degree one to an other to 
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minimize their boundary energy. This is called the rigid body relaxation. If the grain sizes 

become smaller and smaller, this effect becomes more and more limited since the amount of 

neighbouring grains is a lot larger. Another size effect results in a lower critical grain size. If 

the grain size descents below this limit of about 1,4 nm, the material transforms into an 

amorphous material since the free energy of the nanocrystalline material becomes higher then 

the free energy of a glass. 

4.1.2.1. Size effects

There are several size effects due to the small crystallite size of nanostructured materials. As 

mentioned in the chapter before, the higher fraction of atoms in boundary zones has a great 

influence. The mean free path of dislocations and phonones is significantly reduced to the 

microstructural parameter. This changes the mechanical behaviour dramatically and will be 

discussed later. An example for this is given in figure 4 where the flow stress of Ni3Al is 

shown  as  a  function  of  the  crystallite  size.  Another  size  effect  is  the  blue  shift  in  the 

luminescence spectra as can be seen in figure 4 b for consolidated ZnO. This is a quantum 

size effect. For comparable or smaller grain sizes than the de Broglie wavelength of the 

charge  carriers,  which  are  generated  by  the  absorbed  light,  there  is  an  increase  by  the 

confinement  in  the  energy  needed  for  absorption.  This  increase  shifts  the 

absorption/luminescence spectra to higher energies, which means shorter wavelengths. There 

can also be specific phenomena in only one or two directions/ dimensions of the material. If 

the  nanomaterials  are  needle-shaped  or  flat,  their  length  in  one  (needles)  or  two  (flat) 

dimensions can be within the length scale of a physical phenomenon. [5]
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Fig. 4: a) The flow stress in N/cm2 of Ni-13%Al as a function of the crystallite size of Ni3Al  

precipitates  in  nm.  b)  The  excitation  wavelengths  of  nanocrystalline  ZrO2 for  different  

crystallites sizes. We can observe a blue shift for smaller crystallites. [5]

4.1.2.2. Mechanical properties

Nanostructured materials show very promising mechanical properties. Yield strength, Young's 

Modulus,  ductility,  strain  hardening,  creep  behaviour  and fatigue  behaviour  can  be  very 

different, in many cases much better, compared to their microstructured versions. The early 

production  processes  of  NsMs,  mostly  “bottom  up”,  introduced  a  high  porosity  and 

incomplete  grain  bondings.  These  flaws  also  influence  the  measured  properties  thus  the 

mechanical properties depend highly on the chosen production process.

4.1.2.2.1 Influence of the sample's porosity

The Youngs modulus is  usually independent from the grain size.  It  is  influenced by the 

porosity of the sample. Since most production processes for NsMs include a compaction, the 

NsM's have a certain fraction of porosity. The influence of porosity on the Young's modulus 

of the material can be calculated with the equation of Watchman and MacKenzie:

E=E0(1− f 1 p+ f 2 p2)
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where E0 is the Young's modulus of the dense material, p the porosity and f1 and f2 constants 

approximately equal to 1,9 and 0,9. For low porosities, the second term can be neglected,  

resulting in:

E
E0

=1−1,9 p

Figure 5 illustrates the influence of porosity on the Young's Modulus for nanostructured Pd 

(blue)  and Cu (red) produced by inert-gas condensation compaction.

Fig. 5: Young's Modulus of nanostructured Pd (blue) and Cu (red) produced by inert-gas  

condensation and compaction as a function of the porosity of the material. [4]

Porosity has the same effect on Yield stress and ductility as can be seen in figure 6. The 

existing pores are initiation sides for failure of the material. [4]
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Fig.  6: Yield  strength  of  nanocrystalline  copper  and  palladium  produced  by  inert-gas  

condensation and compaction in GPa as a function of the compaction density. [4]

4.1.2.2.2 Yield strength

Fig. 7: Yield strength of copper following the Hall-Petch relation. It can be seen, that for very  

small grain sizes the experimental data differ from the Hall-Petch relation. [6]
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Grain size is  known to have a  strong effect  on the mechanical  properties  of a  material, 

especially on the yield strength. In the well-known microcrystalline range this is expressed via 

the Hall-Petch relation. For a material of grain size d, the relation is:

σ y=σ0+kd −1 /2

where σy is the yield stress of the material, σ0 the starting stress for dislocation movement and 

k a material constant. This version is an approximation, the exact version is a power law with 

an exponent −n ,0,3<n<0,7 . NsMs generally follow the Hall-Petch relation but it seems to 

fail for very small grain sizes, apparently the deformation mechanism is changing. Figure 7 

gives an overview of the yield strength in MPa of copper as a function of the grain size  -0,5 

thereby representing the Hall-Petch relation. The grain-size dependence of the yield strength 

is due to the stacking of dislocations at grain boundaries. Grain boundaries are obstacles for 

dislocation  movement. If there are more grain boundaries, there are more obstacles so the 

yield strength is higher. Figure 8 shows the two models proposed to explain normal Hall-

Petch behaviour, a) Cottrell and b) Li. [4] [7]

Fig. 8: Schematic representation of the Hall Petch behaviour after a) Cottrell and b) Li. [7]

4.1.2.2.3 Inverse Hall-Petch relation

In recent literature, there is an active discussion about the existence of the inverse Hall-Petch 

relation. Following Hall-Petch, the yield strength increases with the square root of the grain 

size. Experimental results reveal, that extrapolation with experimental data of coarse grained 

material  is  only  valid  for  grain  sizes  bigger  than  1µm  which  corresponds  to 

d−1 /2=0,031nm−1/2 . Figure 9 shows the Hall-Petch plot for Cu assembling different sources. 

The behaviour for grain sizes below 25nm (0,2nm−1 /2) is ambiguous. It is obvious that there 
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is a change in the behaviour, but it is debatable if the strength forms a plateau or decreases 

again with reducing grain size.

Fig. 9: Combined Hall-Petch plot for Cu. It displays a change in the materials behaviour for 

d >0,2nm−1/2 .  It  can  either  be  interpreted  as  a  decrease  of  the  yield  strength  or  the  

formation of a plateau. [4]

This breakdown of the Hall-Petch relation is mostly attributed to a change in the deformation 

mechanism of the material. The amorphous state can be explained as an extreme state of grain 

refinement and the extension of the curve to this limit can be helpful to understand the effect. 

Fig. 10 shows the hardness of Ni and Ni-P alloys for different grain sizes up to the amorphous 

limit of these materials.
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Fig. 10: Hardness of different Ni and Ni-P alloys with decreasing grain size. The curve is  

extended up to the amorphous limit, which means the point where an amorphous material is  

thermodynamically more stable than a crystalline material. [4]

Several explanations have been proposed to explain this change in behaviour, such as room-

temperature  diffusional  creep  or  flaws.  The  deformation  behaviour  of  nanocrystalline 

materials will be discussed later. Figure 11 gives an overview of the Hall-Petch slopes of four 

different  materials:  Cu (a),  Fe(b),  Ni  (c)  and Ti  (d).  For  all  of  them a deviation of  the 

experimental  for  ultrafine-  and nanograined specimens  from the  conventional  Hall-Petch 

slope can be observed. The data points were assembled from different publications. However 

there is no evidence for an inverse Hall-Petch effect for grain sizes below 15nm. In order to 

determine if this effect exists or if we observe the formation of a plateau further studies are 

necessary. [4], [7], [8]
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Fig. 11: The evolution of the Yield stress of different materials with changing grain sizes up to  

the nanometre regime. The fitted behaviour is marked in red, the predicted behaviour for a  

normal Hall-Petch behaviour in blue. The metals are copper (a), iron (b), nickel (c) and  

titanium (d). [4]

4.1.2.2.4 Ductility

For conventional materials, a smaller grain-size usually leads to a higher ductility of the 

material.  According  to  this  rule,  there  should  be  a  further  increase  in  ductility  for 

nanostructured materials, but experimental data reveal a low ductility for grain sizes < 25 nm 
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in metals which usually show ductilities of 40-60% elongation. There are three major sources 

of limited ductility:

1.  Artefacts from processing, for example pores and other defects

2.  Tensile instability

3.  Crack nucleation or shear instability

Since it is difficult to produce artefact-free nanostructured materials, these artefacts can mask 

the  mechanical  properties  because  the  samples  undergo brittle  fracture,  triggered  by the 

defects. Molecular dynamics simulations help to explain the deformation behaviour. For grain 

sizes >1 µm, normal dislocation movement is found to be dominating, the intermediate zone 

between 1 µm and 10 nm is not understood very well. For grains smaller than 10 nm, only 

limited grain boundary interaction occurs, grain boundary-shear is believed to be the principal 

deformation mechanism.

Fig. 12: Compilation of normalized yield strength (yield strength/ yield strength of the normal  

microstructured material) against the elongation for a) nanosized grains and b) ultrafine  

grained materials. It can be observed that the ductility decreases with increasing hardness for  

nanostructured materials. Ultrafine grained materials do not display this effect. [4]

Figure 12 shows a compilation of the normalized yield strength (yield strength/ yield strength 

of the normal microstructured material) for different materials and their elongation at fracture. 

The nanostructured materials (a) show a very low ductility for high yield strengths in contrast 
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to the ultrafine grained materials (b) which have quite a good ductility. In order to avoid 

localized  deformations,  it  is  considered  important  to  increase  the  work-hardening of  the 

materials, which will increase the ductility. There are several approaches for an increased 

work-hardening. One proposition is a bimodal grain-distribution. The nanosized grains would 

give increase the yield strength,  while  normal  dislocation movement in  the larger  grains 

would increase the ductility. Other options are an increase of the strain-hardening sensitivity, 

non-equilibrium grain boundaries, which can act as dislocation sources,the inhibition of shear-

band localization or deformation via twinning. [4], [7], [8]

4.1.2.2.5 Strain hardening

Nanocrystalline  and  ultrafine  grained  materials  have  generally  poor  tensile  elongation 

properties. Due to dynamic recovery and annihilation into grain boundaries the dislocation 

density is saturated in nanocrystalline materials. Since dynamic recovery can occur at room 

temperature  there  is  an  equilibrium between  the  generation  of  dislocations  from plastic 

deformation and the annihilation due to dynamic recovery. This lead to virtually no strain-

hardening in compressive deformation and an early necking and localized deformation in 

tensile strains. Figure 13 shows the stress-strain curves at a low strain-rate of ultrafine grained 

copper, produced by ECAP. The leading deformation mechanism should be a dislocation 

movement,  due  to  the  ultrafine  grain-size  and  low  strain  rate.  No  strain  hardening 

(d σ/d ϵ=0) in compression and nearly no plastic deformation in tension ca be established. 

[4]
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Fig. 13: Stress-strain curves of ultrafine grained Cu, processed by ECAP ( 8 passes). There is  

no  strain  hardening  (d σ/d ϵ=0) in  compression  and  nearly  no  plastic  deformation  in  

tension. [4]

4.1.2.2.6 Creep

Due to the high defect density and high volume percentage of grain boundaries, triple lines 

and quadruple junctions, creep can occur at much lower temperatures than in coarse grained 

materials. The rule of thumb for coarse grained material,  T creep=0,7 T s does not apply, the 

value for nanocrystalline materials is much smaller. In contrast to the creep behaviour of 

coarse  grained  materials,  which  has  been  studied  for  over  a  hundred  years,  the  creep 

behaviour of nanocrystalline materials is not understood very well. This is also due to the 

difficulty to obtain artefact-free samples. The creep behaviour seems to be complex, this is 

related to the high defect density. However, two main creep-mechanisms are thought to be 

dominating. For low stress levels, diffusion creep, such as Nabarro-Herring and Coble creep, 

seem to  be  significant.  For  higher  stress-states  grain  boundary sliding  becomes  a  major 

deformation  mechanism.  Moreover,  grain  growth  occurs  for  higher  temperatures  with  a 

weakening of the mechanical properties. [4]
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4.1.2.2.7 Fatigue

The fatigue properties of nanostructured materials are ambiguous. There are not many reports 

for  ultrafine  grained  materials  and  even  fewer  for  nanostructured  materials.  From these 

results, the following can be concluded: nanostructured materials have an enhanced fatigue 

limit, they can sustain higher stresses, da /dN is increased, but simultaneously their resistance 

to crack growth, Δ K th  is decreased. Figure 14 gives an overview of the fatigue behaviour of 

pure Nickel, the figure displays the Wöhler plot and the stress-intensity factor range for a 

growth rate of 10-6 mm/cycle for coarse grained, ultrafine grained and nanostructured Nickel. 

The  higher  fatigue  strength  is  attributed  to  the  higher  yield  strength  of  nanostructured 

materials. The behaviour is similar to coarse-grained material, in both cases an increased yield 

strength increases the fatigue limit. The decreased Δ K th is explained by a smoother fracture 

path for small grain sizes as can be seen in figure 15.

Fig. 14:  a)The effect of the grain size, nanostructured (NC), ultrafine grained (UFC) and  

coarse grained (MC) on the Wöhler plot of pure Nickel. b) The stress intensity factor range

Δ K needed  for  a  crack  growth  rate  of  10-6 mm/cycle  for  nanostructured  and ultrafine  

grained Nickel as a function of the maximum stress intensity factor K max . These two values  

give us the threshold values for this particular constant crack growth rate  of 10-6 mm/cycle.  

The ultrafine grained Nickel shows much better K-values. [8]

 Both  effects  compete,  what  makes  it  so  difficult  to  judge  the  fatigue  properties  of  a 

nanostructured material. An other possibility is the use of nanostructured surface layers to 

enhance the fatigue properties of coarse-grained materials. In this case, the cycles or stress for 
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a crack formation are increased, while the faster crack growth is not relevant since the surface 

layer is really thin. [4], [8]

Fig. 15: SEM pictures of fatigue fractures of nanostructured (NC), ultrafine grained (UFc)  

and coarse grained (MC) Nickel specimens. The testing was done with sinusoidal loading  

with initial  Δ K values of 10, 6,2 and 8,5 MPa m-0,5. The loading frequency was 10Hz and R  

= 0,3 for all three cases. The crack path length clearly decreases with finer grains, thus a  

smoother fracture surface is evident. Pictures d) to f) are high-magnifications of a)-c). [8]

4.1.2.3. Deformation mechanisms

The deformation mechanisms of nanostructured materials are not well understood up to 

know.  Taking  into  account  the  not-application  of  the  Hall-Patch  relation,  it  cannot  be 

explained as just normal dislocation gliding. The three main deformation mechanisms of 

nanostructured metals discussed in the scientific literature are:

• Dislocation gliding

• Grain boundary sliding

• Twinning

There are three regimes identified from mm to nm.:

1.  Grain size > 10-6 m: Dislocation pile-up and gliding is the dominating mechanism.

2.  10-8  m < grain size 10-6  m: The dominating mechanism is grain-boundary shear 

promoted by dislocation pile-up.
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3.  Grain  size  <  10-8  m:  Grain  boundary  shear  is  thought  to  be  the  dominating 

deformation mechanism.

Twinning  occurs  under  special  circumstances,  such  as  very  high  strain  rates,  low 

temperatures or specific alloys. [4]

4.1.2.3.1 Dislocation slipping

Dislocation slipping is the basic deformation mechanism of metallic materials. It is thought to 

be the dominating deformation mechanism for ultrafine grained materials and nanostructured 

materials with grain sizes down to around 100 nm. 

Dislocations are one-dimensional crystal defects. There are two types of dislocations, screw-

dislocations and edge-dislocations. Mixed dislocations are an intermediate between the two 

aforementioned types. Usually a dislocation is characterized by its burgers vector and the 

plane where it lies. Dislocations usually move along one plane, the slip plane which is the 

close packed plane. The slip direction is the burgers vector and occurs between atoms with the 

smallest inter-atomic distance. Slip plane and slip direction together form a slip system. A 

metal has to have at least 5 different slip systems to show a ductile behaviour. The slip system 

with the highest critical resolved shear stress is activated. If this is the case, dislocations start  

to move within the slip plane towards the slip direction.

For  nanostructured  materials  however,  it  seems  to  be  difficult  to  activate  dislocation 

movement. The  crystallographic shear stress required to induce dislocation movement is in 

the order of Gb / l with G the shear modulus, b the magnitude of the burgers vector and l the 

segment length. Since dislocation movement is confined in intragranular space,  l must be 

smaller than the grain diameter d. Molecular dynamics simulations with Frank-Read sources 

indicate, that  l<d /4−d /3 . If both are combined, the outcome is:  τ /G⩾(3−4)(b/ d ) . In 

case  of  pure  nickel  with  a  shear  modulus  of  82  GPa the  result  is  for  d around  1  µm 

τ⩾82MPa  which corresponds with experimental data. For d around 30 nm however,  τ

should  be  bigger  than  3280 MPa,  this  is  three  times  larger  than  the  experimental  data. 

Therefore, normal dislocation slip as seen in microstructured materials cannot be the only 

deformation mechanism. [4], [7], [8]

4.1.2.3.2 Grain boundary sliding
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Grain  boundary  sliding  is  a  well-known  deformation  mechanism  in  high-temperature 

applications  and  creep  problems.  It  usually  does  not  occur  at  room  temperature.  In 

nanostructured materials however, it seems to occur mainly for very small grain sizes. In grain 

boundary sliding, there is no intragranular deformation, but the different grains move one in 

respect to each-other. Figure 16 shows a model of grain boundary sliding with the initial state 

a) and the state after the upper layer has slid to the right.

Fig. 16: Model of grain boundary sliding. a) is the initial state were a shear stress is applied.  

b) The grain positions after the sliding of the upper layer to the right. [4]

Molecular dynamics simulations indicate that for all grain-sizes below 10nm all deformation 

is intergranular and no dislocation movement is occurring. [4], [8]

4.1.2.3.3 Deformation twinning

Deformation  twinning  can  be  seen  as  a  competing  deformation  process  compared  to 

dislocation  slipping.  It  consists  of  a  reorientation  of  the  original  lattice  by  small  atom 

displacements equivalent to normal shear of an integral part or all lattice points. The twin 

structure is a mirror image of the original lattice about the twinning plane, which can be seen 
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as mirror axis and belongs to both structures. The moved distance is such, that coherent 

boundaries are formed and every lattice point is at its designated lattice position regarding its 

current lattice (twin lattice or original lattice). The entire twinning process is a lattice shear 

and takes place at the speed of sound of the material where it occurs. A twinning system 

consists of a twinning plane {h ,k , l}  and the direction of the shear 〈u , v ,w 〉 . Figure 

17 shows the atomistic structure of a twinned fcc-lattice.

Fig. 17: Atomistic structure of a twinned fcc-lattice such as copper or aluminium. [8]

As for dislocation slipping, there is a critical shear stress. If this stress is lower than the 

equivalent  dislocation  slip  stress  the  material  deforms  via  twinning.  Twinning  occurs  if 

τ twinning⩾τ slip . [9], [10]

The parameters influencing whether twinning or slip dominates are:

• Temperature

• Grain size (equivalent twin-H-P relation)

• Crystalline structure

• Stacking fault energy of the material

• Strain and strain rate

lattice

lattice

(111) - twin plane

(111) – twin plane

twin
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The temperature dependence of twinning stress seems to be quite small. Thus temperature 

only has an indirect effect on the occurrence of twinning but this effect is still very large since 

the slip stress increases strongly at low temperatures hence twinning happens more often. 

As for slip, there is a dependence of twinning stress to the grain size which can be expressed 

as:

σT=σ0T+k T
−1 /2  with kT the Hall-Petch material constant for twinning. 

It usually is much bigger than the H-P constant for slip, so twinning is unlikely to happen for 

very  small  grain  sizes.  For  copper  the  constants  are k T=0,7 MN /m3 /2 and

k S=0,35 MN /m3/2 which is about two times bigger. [9]

For the most common metallic crystalline structures, twinning happens most frequently in 

hexagonal close packed (hcp) systems. HCP shows fewer slip systems than body-centered 

cubic (bcc) and face-centered cubic (fcc), at room temperature often just the basal system. 

Another structural factor which can lead to mechanical twinning is a length difference in the 

crystal lattice. An example is magnesium. The c axis is shorter than both a and b, this leads to 

twinning under compression. [8]

A clear correlation has been found for the twinning stress and the stacking fault energy of a 

material. With reduced stacking fault energy, the twinning stress is reduced. This is illustrated 

in figure 18 for copper. It can be seen that by alloying copper and reducing its stacking fault 

energy, the twinning stress is reduced.
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Fig. 18: The twinning stress of copper and copper alloys as a function of the stacking fault  

energy. With reducing stacking fault energy, the twinning stress decreases. [9]

While temperature, strain and strain rate do not have a direct influence on the twinning stress, 

they do have an influence on the onset of twinning. Due to strain hardening, the slip stress 

increases with the strain. This can lead to twinning if the slip stress becomes greater than the 

twinning stress. Since the velocity of twinning is the sound velocity of its medium, it occurs 

much faster than dislocation slip. In cases of high strain rates this can lead to a shift from slip 

to  twinning.  The material  has  to  deform quickly in order  to react  to its  stress  state  and 

twinning can happen more quickly.  Figure 19 illustrates both phenomena as  well  as the 

influence of temperature and grain size in the case of copper. It shows the calculated slip-

twinning transitions. [3], [9]

Fig. 19: The slip-twinning transition as a function of temperature and strain rate for different  

grain sizes (a) and strains (b) for copper. High strain rates, low temperatures, big grains and  

high strains are favourable for twinning to occur. [9]

4.1.3. Production

As can be seen in figure 20 there are two main synthesis  approaches for nanostructured 

materials:  the  bottom-up techniques  and  the top-down techniques.  In  the  bottom-up 

approaches, the nanostructured materials are built up atom per atom and layer per layer up to 

its  desired  size.  In  the  top-down approaches,  bigger  structures,  such  as  microcrystalline 

structures are broken down to nanometric sizes. 
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Fig.: 20: The two main approaches to build nanostructured materials,top-down and bottom-

up. In the top-down case bulk material with a microstructure is broken down to a nanosized  

structure. The bottom-up approach builds the nanostructure out of even smaller particles  

such as atoms or molecules. [11]

The most common techniques are:

 Bottom-up:

• Inert gas condensation with in-situ compaction

• Sputtering

• Plasma-assisted physical or chemical vapour deposition

• Laser ablation

• Electrodeposition and pulsed electrodeposition
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• Crystallization from amorphous materials

• Sol-Gel methods

• Spark erosion

• Plasma synthesis

 Top-down

• Sever plastic deformation processes such as

▪ Equal -Channel Angular pressing (ECAP)

▪ Accumulative Roll Bonding (ARB)

▪ High-Pressure Torsion (HPT)

• Thermo Mechanical Controlled Processing (TMCP)

• Mechanical  Milling,  (MM) Mechanical  Alloying  (MA) and  Cryogenic 

Milling, also known as Cryomilling (CM)

[3]

4.1.3.1. Mechanical alloying and mechanical milling

Mechanical alloying and mechanical milling are powder metallurgical processes involving 

repeated breaking, cold welding, refracturing and rewelding of the particles. The difference 

between  Mechanical  alloying  and  mechanical  milling  lies  in  the  mass  transfer.  Usually 

Mechanical  Alloying  refers  to  a  process  where  the  milling  process  involves  a  materials 

transfer two mix different kinds of powder, such as alloying elements or compounds. The 

materials transfer via the milling process is required for homogenization. Mechanical milling 

processes do not involve materials transfer. An uniform powder, such as a pure element or a 

prealloyed compound is milled. The process was originally developed in the 1960's with the 

aim of producing oxide-reinforced nickel- and iron-alloys for gas-turbine applications.
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Mechanical  milling  among  others,  is  a  process  with  promising  features  to  upgrade  the 

production of nanostructured materials to industrial size. It can also be counted as a sever-

plastic-deformation process  (SPD) since the microstructural  evolution inside the different 

particles  is  the  same  as  e.g.  what  happens  inside  an  ECAP sample.  It  is  important  to 

differentiate  between  the  behaviour  of  the  particles  and  the  grains/  microstructure  in  a 

mechanical milling process.

It has been recognized, that advanced materials can be synthesized much easier in far-from-

equilibrium conditions. Figure 21 illustrates this process. 

Fig. 21: The process of synthesizing non-equilibrium materials. The material is changed from  

its original equilibrium state G0 up to a highly energized unstable state, G2, using irradiation,  

pressure,  deformation,  storing  of  mechanical  energy  or  temperature.  Afterwards  it  is  

quenched into a metastable state, G1. This frozen, metastable state can be used as a precursor  

to obtain the desired microstructure or chemical composition. Materials produced by this  

process usually show better properties than materials produced by conventional metallurgical  

processing. [12]

The raw material is in the energy state G0. It is then energized to G2 by melting, applying 

pressure,  irradiation,  storage of mechanical energy by plastic deformation etc.  This high-

energy state is then “quenched” leaving the material in a frozen, metastable, state, G1. This 

state can be used as a precursors to produce the desired micro- and nanostructure or chemical 
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composition.  Materials  produced via  the  concept  of  “energize-and-quench” usually show 

better properties than materials  produced by conventional processing.  Mechanical milling 

energizes the powder by storage of mechanical energy by plastic deformation. [12]

The powders are mixed in the right proportion and then put into the mill. This mix is then 

milled for the desired amount of time until a steady state is reached. The powder is taken out 

of  the mill  and a  consolidation process is  performed in order to  obtain a  bulk material. 

Consolidation processes used to consolidate nanostructured powders are e.g. cold isostatic 

pressing (CIP), hot isostatic pressing (HIP), Ceracon forging, spark-plasma-sintering (SPS), 

normal  hot  pressing  (HP),  ultra-high  pressures  during  pressing  and  shock-consolidation. 

While the grain sizes in the powder are usually in the true nanocrystalline regime, the grain 

sizes  after  consolidation  are  mostly  ultra  fine  grained  due  to  grain  growth  during 

consolidation. This occurs because most consolidation processes include a thermal treatment 

for enhanced diffusion to obtain a dense material. [13]

The MA process is composed of three major components: the raw material, the mill and the 

process variables.

4.1.3.1.1 Raw material

As raw material, there is a large range of commercially available powders. The particle size 

usually is between 1 and 200 µm, but adhering to a specific particle size is not very relevant 

as long as it is smaller than the grinding ball size. The particle size decreases exponentially 

and after a few minutes it reaches a value of some micrometers and a dynamic steady state 

with fracturing and welding of the particles. In most cases, the milling is done dry. There are 

also cases where a liquid is added in the milling container. Wet grinding mills at smaller 

particles sizes since the liquid will be adsorbed to the freshly formed surfaces and lower their 

surface energy. This decreases the formation of agglomerates. [12]

4.1.3.1.2 The mill

There are different types of mills in use. Most of them use grinding balls to mill the powder, 

but there are exceptions using other impact-systems. The important characteristics of a mill 

usually are the energy it can induce into the powder and the mass of powder which can be  
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milled. As a rule of thumb larger powder results in less induced energy. A milling which can 

be done for small amounts of powder in a laboratory-sized shaker mill in 1 hour can take 

several days in an industrial sized ball mill. The commonly used mills in laboratories are from 

high-energetic to low-energetic SPEX shakers mills (10-20gramms of powder), planetary ball 

mills (a few hundred grams of powder) and attritors (between 0,5 kg and 40 kg of powder). 

Figures 22-24 show pictures of theses mills. Commercial mills can mill up to 1250 kg of 

powder at the same time. [12]

Fig. 22: Picture of a SPEX 8000 shaker mill and a tungsten carbide vial set with vial, lid,  

gasket and grinding balls. [12]

Fig. 23:Fritsch Pulverisette P-5 four station ball mill (a) and a schematic of the ball motion  

inside a planetary ball mill (b). [12]
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Fig. 24: Picture (a) and schematic (b) of an attritor mill. It is a vertical drum with grinding  

balls and impellers inside. [12]

4.1.3.1.3 Process parameters

Since MA is a quite complex process, there are a lot of process variables to take into account:

• Type of mill

• Milling time

• Milling speed
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• Type, material, size and size distribution of the grinding medium

• Ball- / impactor-to-powder weight ratio 

• Milling atmosphere

• Milling temperature

• Ratio Milling time/ cooling time

• Process control agent

The parameters are not all independent from each other. For example, the milling temperature 

depends on the milling speed and the milling time/ cooling time ratio. [12] The milling time 

depends on the a lot of parameters: the type of the mill, the milling speed, the type, material, 

size and distribution of the grinding medium, the ball-to-powder ratio, the milling temperature 

and the process control agent. 

4.1.3.1.4 Mechanisms of milling

In  mechanical  milling,  one  has  to  distinguish  between  the  particle  evolution  and  the 

microstructural evolution. During the milling process, the particles are repeatedly flattened, 

cold welded, fractured and rewelded. Figure 25 illustrates the process and divides it into 6 

steps starting with the unmilled powder (1) up to the steady-state (6). Whenever the milling 

media collides, two steel balls in a ball mill or the impactor with the caps in a impact mill, 

there are particles trapped in-between. These particles are deformed plastically, flattened (2), 

work-hardened and fractured. New surfaces are created. These new surfaces enable a cold 

welding of the flattened particles. After the cold welding a layered structure is evident in the 

welded particles (3). In case of ductile materials such as fcc-metals large particles are formed. 

They can be much bigger than the starting powder. With ongoing milling, the particles are 

refractured  and  rewelded  leading  to  layered  particles  with  equiaxed  layers  (4).  Through 

continued  deformation  the  particles  fracture  either  by fatigue  failure  mechanisms  and/or 

fragmentation of fragile flakes due to a high work-hardening. These flakes are again welded 

and lead to random oriented particles (5). After some time there an equilibrium is reached 

between the welding of the particles which increases the particle size and the fracturing which 
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reduces it. (6). Figure 26 plots the mean particle size as a function of the milling time. It can  

be seen, that it first goes up (Start to b, equivalent 1-4 in Fig. 25). In this region, the rate of 

welding is superior to the rate of fracture. With more time, the particle size will decrease (b to 

c, equivalent 4-6 in Fig. 25) to a steady-state. In this region, the fracture rate is higher than the 

welding-rate  so the mean particle size decreases.  Afterwards it  remains constant (c to  d, 

equivalent 6 in Fig. 25). [12], [13]

Fig. 25:  The five stages of particle evolution during mechanical milling. First the particles  

are flattened and welded together. This happens several times until equiaxed, multilayered  

particles are formed. These particles break and their flakes are rewelded together to form  

random orientated layered particles. This process goes on for some time and refines the  

particles until a steady state is reached. [13]
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Fig. 26: Evolution of the mean particle size as a function of milling time with SEM-pictures at  

different  milling  times  (a-d).  First  the  particles  weld  together  until  the  fracture  rate  

overcomes the welding-rate. After some time, a dynamic equilibrium is reached. [12]

It  is  important  to  state  that  this  dynamic  equilibrium does  not  mean  there  is  no  more 

deformation of the particles.  They still  fracture and are rewelded,  just  the rates of these 

mechanisms are equal so the mean particle size stays constant. The microstructure inside the 

particles can still change depending on the mill, only 0,1-1% of the energy goes into the 

deformation and welding of the particles. The rest is lost in form of heat, so the efficiency 

remains low.

4.1.3.1.5 Severe plastic deformation/ microstructural evolution

During the milling process, the particles undergo a severe plastic deformation. The strain rates 

inside the particles can reach up to 105 s-1. The grain size is reduced drastically. The evolution 

of grain size in the early stages of milling can be described by the formula:

d =Kt−2 /3  [12] 
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where d is  the grain size,  t  the milling time (without  cooldown-time) and K a constant 

depending on the material, the mill and the process parameters. The refinement process itself 

can be divided into three stages which are illustrated in figure 27.

i.  The deformation is localized in shear bands within existing grains. The shear 

bands are built out of arrays with high dislocation density.

ii. After some milling time, the dislocations start to recombine and annihilate 

each other, forming small angle grain boundaries (< 15°). These subgrains 

often already are in the nanostructured regime, mostly between 20nm and 

30nm in diameter. With further milling, this process spreads out of the initial 

shear bands throughout the whole sample. 

iii. The single-crystalline subgrains reorientate with respect to each other to form 

a randomly orientated nanostructure. The reorientation mechanisms are not 

exactly clear, superplastic deformation mechanisms such as grain-boundary-

slipping are proposed to be responsible for the reorganization. Dislocation-free 

nanocrystalline grains are formed.

[14–16]

Figure 27: Evolution of the nanostructure of ductile materials undergoing a severe plastic  

deformation process such as Mechanical Milling. In the first stage, localized deformation  

leads to shear-bands with high dislocation densities. With increasing shear-band formation  

subgrains  with  nanometric  sizes  are  formed.  These  grains  rotate  and  form  randomly  

orientated grains with high-angle grain-boundaries in between. [16]
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Usually,  there  is  a  minimal  grain-size  obtainable  by  severe  plastic  deformation.  For 

mechanical milling, it is in the order of 10-20 nm. It is determined by a competition between 

plastic deformation via dislocation motion on the one side and recovery and recrystallization 

on the other side. When both mechanisms occur at the same rate, the refinement stops and 

longer milling times will not lead to a finer nanostructure. The physical properties related to 

the minimal achievable grain size dmin, display complex relationships. In the case of higher 

melting  fcc  (face-cubic  centered)  metals  there  is  an  inverse  relationship  of  melting 

temperature  and dmin.  But  for  fcc-metals  with  melting points  above the melting  point  of 

palladium (1828K)  and  hcp  (hexagonal-centred  package)  and  bcc  (body-cubic  centered) 

systems dmin is constant. The constant fccs, hcps and bccs form three different, parallel curves 

with dmin (fcc) < dmin (bcc) < dmin (hcp). If dmin is normalized by the magnitude of its burgers 

vector, all three systems and some alloys can be represented by the following formula:

d min

b
=A exp(−cT m)

with dmin the minimal achievable grain size, b the magnitude of the burgers vector, Tm the 

melting temperature in Kelvin and A and c constants. [16]

For fcc  metals,  an  inverse  relationship  between dmin and  the  bulk modulus  and a  direct 

relationship between dmin and the crystical equilibrium distance between two edge dislocations 

was found. 

4.1.3.1.6 Cryogenic milling

Cryogenic milling, also known as cryomilling is a mechanical milling process in which the 

milling  temperature  is  around  73K,  at  liquid  nitrogen  temperature.  Either  the  cryogenic 

medium is in the milling container, so that there is a wet milling in a liquid nitrogen slurry or 

the milling container is cooled on the outside by liquid nitrogen, e.g. is immersed in a liquid 

nitrogen bath. As all mechanical milling processes it requires a consolidation step.

There  are  several  advantages  of  cryomilling  over  normal  mechanical  milling.  First,  the 

milling time is drastically reduced, because the annihilation of dislocations is suppressed, thus 

higher dislocation densities are possible. Second, the milling is more efficient since particles 
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agglomeration and welding to the milling medium are suppressed. Third, ongoing oxidation 

or other chemical reactions are significantly reduced. The major disadvantages of cryomilling 

are the high cost for liquid nitrogen and the more expensive equipment. 

The  ongoing  microstructural  processes  in  cryomilling  correspond  mostly  to  normal 

mechanical milling, although some differences occur. The minimal achievable grain size dmin 

is comparable to normal mechanical milling. Since the temperature is much lower, there can 

be a transition from ductile to brittle state, for example in pure iron with its bcc structure. 

Another aspect is the reduced diffusion and reduced mobility of dislocations which can lead 

to the occurrence of other deformation mechanisms such as twinning. mechanical milling at 

room temperature of fcc metals to achieve a nanostructure has always been difficult due to the 

high ductility of the materials. If fcc particles are subjected to high-energy milling, they weld 

together to form particles larger than 1mm. They can be too soft for high energy storage. At 

cryogenic temperatures, they are more brittle and comport more like bcc metals, their ductility 

is strongly reduced, since dislocation movements are more difficult at these temperatures. 

Figure 28 displays a comparison of the grain size as a function of milling time of different 

materials milled at room temperature and at cryogenic temperature. It is important to state that 

different types of mills have been used, mostly planetary ball mills or attritors for cryomilling 

and SPEX shaker mills with much higher frequencies for room temperature milling. 

[13], [15–17]

The mills used for cryomilling are mostly modified Mechanical Mills with an isolation and a 

liquid nitrogen cooling/filling system as can be seen in Figure 29 or special constructions for 

laboratoric  use  such  as  the  SPEX  Large  Freezer/Mill  6870  which  was  used  for  the 

experiments that were part of this project.
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Fig. 28: The grain size as a function of milling time for different room-temperature milled and  

cryomilled  materials. Since different types of mills were used it is difficult to directly compare  

the times between Cryomilling and Mechanical Milling. [16]
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Fig. 29: a) Schematic representation of a cryogenic stationary attritor mill and b) Picture of a  

cryogenic attritor mill with 500g of powder charge. [16]

4.1.4. Applications

Although there is a large spectrum of potential applications of nanostructured materials due to 

their  very  promising  properties  there  are  so  far  very  few  products  made  of  bulk 

nanostructured materials on the market. This is due to the fact that there are problems in 

producing large  amounts  of  bulk nanostructured  material.  This  is  different  for  ultra  fine 

grained materials since ECAP and mechanical milling and compaction are relatively cheap 

processes and allow the production of sizeable amounts of bulk material. Another advantage 

of ECAP materials is their high ductility compared to nanostructured materials. Applications 

of real nanostructured materials are mostly thin coatings. The first commercially available 

products  of  ultrafine  grained  materials  were  Al  and  Cu  sputtering  targets.  Figure  30  a) 

displays an example of a worn out ufg target. More recent applications are carbon steel micro 

bolts processed by ECAP as is displayed in figure 30 b) and various ufg-titanium screw 

implanted items for medical and surgical applications, also processed by ECAP (comp. figure 

31). [18–20]
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Fig. 30: a) Worn out ufg 30mm-sputtering target and b) Ultrafine grained carbon steel micro  

bolt processed by cold ECAP. [20]

Fig. 31: Various ultrafine grained titanium items for surgical and medical applications. [18]

Ultrafine grained bolts, screws etc. are widely used in aerospace and automotive applications 

due to their high mechanical strength which allows a further weight reduction. Also some 

tennis racquets are already produced out of ufg materials. The introduction of these products 

on the market is however quite slow and there are not any large products entirely produced of 

ultrafine grained materials, but this can change in the next years.

For pure nanostructured materials, there are even fewer commercially available applications. 

The most common ones are plasma-sprayed hard-coatings such as WC-Co, TiAl coatings or 

PVD and CVD coatings. [21]
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The potential applications of nanostructured materials are much broader. The most obvious 

are materials with quite better mechanical properties than recent materials. More advanced 

applications could combine several properties of nanostructured materials. Fore example pure 

copper  parts  with  high  mechanical  strength  and  the  high  conductivity  can  be  used  for 

overhead lines of high-speed trains or other conductive applications.

4.2. Copper

Copper is the 29th element in the periodic table. It is a transition metal in the 4th period, group 

11 of the periodic table. It is the 25th most common element in the terrestrial crust and is 

counted as a noble metal so it can be found in elemental form in nature. The most common 

copper  minerals  are  copper sulfites and oxides such as chalcopyrite  (CuFeS2),  chalcosite 

(Cu2S),  bornite  (Cu5FeS4),  atacamite  (Cu2Cl(OH)3)  and  malachite  (Cu2CO3(OH)2).  The 

exploited deposits usually contain between 0,4% and 1% of copper, but far richer ores with 

30-50% copper content can be found. Mostly chalcopyrite and chalcosite ores are exploited. 

The world's largest copper producer is Chile,  followed by the United States of America, 

Indonesia and Peru. The extracted ores are crushed and the copper is concentrated using froth 

floatation or bioleaching up 20-30%. The old production process of roasting the copper with 

silica and then smelting has been replaced by the flash-smelting process, developed in 1949 in 

Outokumpu, Finland. In this  process,  the copper concentrate,  containing copper and iron 

sulfides, silica and limestone is smelted at high temperatures ( 1200°C). A liquid called copper 

matte is formed which contains ca. 70% of copper. Since the slag weights less than the copper 

matte, it can be “tapped out”. The remaining sulfur is removed by blowing hit air through the 

matte. In the same step, the remaining iron sulfide is converted into slag. The product is called 

coarse-copper or blister and is 98% pure. It is then put in an anode furnace and natural gas is 

blown trough the blister to enrich it up to 99% via reduction of remaining copper oxide. 

Electrorefining is now performed with blister as anode and pure copper as cathode in an 

aqueous solution with 3-4% copper sulfate and 10-15% sulfuric acid. The anode and less 

noble metals than copper dissolve while noble metals such as silver, gold or selenium settle in 

the anode sludge. The produced copper is known as electrolytical pure and contains 99,99% 

copper. 
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The ongoing chemical reactions in the production process are:

Roasting:

6 CuFeS 2+10O2 →3Cu2 S+2 FeS+2 Fe2O 3+7 SO2

Smelting:

Fe2O3+C+SiO2 → Fe2 SiO4+CO

Conversion to blister:

2 Cu2 S+3O2 →2 Cu2 O+2 SP2

Cu2 S+2Cu2O →6Cu+SO2

Anodic reaction:

Cu(s) → Cu2+
(aq) + 2e-

Fe(s) →Fe2+
(aq) + 2e-

Zn(s) → Zn2+
(aq) + 2e--

Cathodic reaction

Cu2+
(aq) + 2e- → Cu(s)

Copper is a very easy to recycle material, nearly 100% can be recycled. 

The major application of copper is in the electrical industry (60%). Due to its high thermal 

and electrical  conductivity it  is  the major  material  as an electric  conductor  and for heat 

exchangers. The used coppers are mostly Cu-ETP and Cu-OFE. Another 20% are used for 

roofing and plumbing, copper is a noble metal and has a high resistivity to corrosion. 15% are 

used in industrial machinery. In both cases, the employed material is mostly Cu-DHP. 5% of 

the copper production is used for alloys. They are used if higher mechanical properties are 

necessary.  Leading  alloying  elements  are  zinc  (brass)  and  tin  (  bronze).  An  application 

example is ship's propellers. They need a high mechanical strength and a high resistance to 
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salt  water  corrosion.  Since  copper  is  an  expensive  metal  (ca.  7000€/t)  its  mechanical 

application is limited to cases where less expensive materials cannot be used. 

Cu-DHP Cu-ETP Cu-OFE

Chemical 
composition in 

%mass

Cu ≥99,9; P: 0,015 to 
0,04

Cu ≥ 99,9; O ≤ 0,04; Pb 
≤ 0,005; Bi ≤ 5*10-4

Cu ≥99,99; Ag ≤ 0,0025; 
S ≤ 0,0015; Ni ≤ 0,001; 
Fe ≤ 0,001; P ≤ 0,003, 

Other ≤ 0

Physical properties at 20°C

Density [g/cm3] 8,94 8,93 8,94

Electric 
conductivity 

[MS/m]

43 57 (annealed)

55-57 (cold-rolled)

58 to 59,1 (annealed)

Thermal 
conductivity 

[W/mK]

305 394 393

Mechanical 
properties

Min Max Min Max Min Max

Young's Modulus 110 132 110 130 118 132

Yield strength 60 320 40 320 40 320

Tensile strength 200 360 200 360 200 360

Elongation at 
fracture

2 42 2 42 2 42

Vickers hardness 40 120 40 120 35 115

Table 1: The physical and mechanical properties of pure, coarse-grained copper. We can see,  

that there are nearly no differences in the mechanical properties of the different available  

types. [22–24]

Elemental copper has a relative atomic weight of 63,546 and a density of 8,96 g/cm3 at room-

temperature. It forms metallic bonds and crystallizes in a face-cubic-centered polycrstalline 
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structure. It has two ordinary oxidation states, +1 and +2. The melting point is 1083,4°C and 

the boiling temperature 2567°C. The electric conductivity for pure copper is 60 m/(Ω*mm²) 

and the thermal conductivity 395 W/mK at 20°C. Copper used for electric applications is very 

soft and has weak mechanical but strong electric properties. It is usually annealed to eliminate 

dislocations and other crystal defaults. Copper for construction (Cu-DHP) is cold-rolled has 

higher  mechanical  properties.  The  hardness  varies  between  40HV and  120HV and  the 

Young's modulus between 110 and 140 GPa. The yield strength of annealed copper is between 

40-80 MPa and its ultimate tensile strength around 200 MPa with an elongation at fracture of 

40%. Cold rolled copper has a yield strength up to 320 MPa and an ultimate tensile strength 

of  350% but  the elongation at  fracture goes  down to 5%. The mechanical  and physical 

properties of the different pure coppers (Cu-DHP, Cu-ETP and Cu-OFE) are summarized in 

table 1. We can see that they basically have the same mechanical properties for the same 

deformation state/ thermal treatment. 

4.3. Nanotwinned copper

Nanotwinned  (nt)  copper  came  first  to  attention  of  the  materials  science  with  the 

publication of Lu et al. in 2004 [1] They described their synthesis of nanotwinned copper 

by means of pulsed electrodeposition and its interesting properties. Since then numerous 

publications have been written regarding this subject.

The properties of nt-copper are quite exceptional. It combines high yield strength up to 

1000 MPa with a good ductility and a low electrical resistivity. High mechanical strength 

are often required both but rarely possible, since most high-strength metals are alloys or 

cold-worked. Alloying of copper to obtain to nt-copper comparable mechanical strength 

decreases  the  conductivity  to  10-40% of  the  value  of  pure  copper.  Also  cold-working 

which leads to higher strength decreases drastically the electrical properties. Nt-copper also 

displays  much  higher  strength  and  comparable  ductilities  as  ufg  copper.  Nanotwinned 

copper (nt-copper) is either synthesized by means of pulsed electrodeposition or dynamic 

plastic deformation (DPD) at high strain rates (102–103 s-1) and low temperatures (77K).[1], 

[25]

Pulsed electrodeposited nt-copper consists of a ultrafine grained microstructure with grain 

sizes between 200nm and 1000nm with an average value of 400nm. Inside these grains are 
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a high density of  {111}/〈112 〉 type growth twins. The mean lamellar thickness of the 

twin lamellae depends on the process variables of the electrodeposition and is controllable. 

The samples are usually relatively thin films, the process is not suitable to produce large 

amounts of bulk material. Figure 32 gives an overview of electrodeposited nt-copper.

Fig. 32: A)-C)Transmission electron microscope (TEM) picture of as-deposited nt-copper  

with varying mean twin thicknesses, A) 96nm, B) 15nm and C) 4nm. D) displays the same  

sample as C) but in a higher resolution. In the upper right corner we see the electron  

diffraction  pattern  and  in  the  lower  right  corner  the  high-resolution-TEM  (HRTEM)  

picture of the outlined area. We can observe the presence of Shockley partial dislocations  

at the twin boundary. E) displays the twin thickness distribution for a mean twin thickness  

of 4 nm determined by TEM and HRTEM images.[26]
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The mechanical properties of pulsed electrodeposited nt-copper depend mostly on the twin 

thickness. A small thickness leads to a high ductility. The highest mechanical strength was 

observed for a thickness of 15 nm. Lower or higher thicknesses lead to lower mechanical 

strength as can be seen in figure 33. The electrical properties are nearly as good as in 

coarse grained copper, so they are much better than in normal nanostructured copper as is 

displayed figure 34.

Fig. 33: Stress-strain curve of nanotwinned (nt) copper with different twin thicknesses in  

comparison to coarse grained (cg) and ufg copper. With decreasing twin thickness, the  

ductility increases. Mechanical strength is the highest for 15nm twin thickness, smaller  

and higher thicknesses display reduced strength. [26]
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Fig. 34: The electrical resistivity of nanocrystalline (nc) copper, nt-copper (twin thickness  

15  nm)  and  coarse  grained  copper  as  a  function  of  temperature.  The  temperature  

behaviour of all three is similar. Nt-copper has nearly the same resistivity as cg copper.  

The resistivity of nc copper is much smaller. [1]

This combination of properties is explained by the twin-boundaries. They do not tend to 

decrease electrical properties in the same order as high dislocation densities or high grain 

boundary densities, since they are coherent boundaries. They only increase the resistivity 

by 5% compared to pure copper. The strengthening effect of the twin boundaries is mostly 

due to the interaction between glide dislocations and twin boundaries. The coherent twin 

boundaries block the propagation of slip bands, they behave more like incoherent grain 

boundaries.  They act as obstacles to strain propagation.  The exact mechanisms are not 

totally understood. What can be observed is, that there is a large number of piled-up partial 

dislocations at  the twin boundaries as can be seen in  figure 35.  Different  mechanisms 

where observed or predicted by simulations. [1], [26]

Molecular dynamics simulations indicate, that the partials nucleate at the grain boundaries, 

triple  junctions  or  twin  boundary-grain  boundary intersections.  When they move,  they 

leave a stacking fault behind them. In some cases, a trailing partial was observed, but only 

in  rare  cases.  The dislocations  start  their  movement  from their  nucleation sources  and 

move inside the grains. Dislocations moving parallel to the twin boundaries can move quite 

far giving the material its ductility. Dislocations whose path crosses the twin boundaries 

are blocked. The partials may also form from normal dislocations (screw, edge or mixed) 

moving through the twin boundaries. 
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Fig. 35: A) A bright field TEM image of a 15 nm nt-copper sample after tensile tests. B) A  

closer observation of the twin-boundaries. We see a lot of dislocations. C) HRTEM image  

of a twin boundary with a Frank partial dislocation. [1]

In this case, we have to distinguish between screw dislocations and non-screw dislocations. 

If a screw dislocation moves into a twin boundary it either cuts through the boundary into 

the neighbouring twin without leaving any residuals or is absorbed into the twin boundary 

and two Shockley-partial dislocations are emitted in the opposite direction. The non-screw 

cases  also  involve  absorption  of  the  dislocation  and  transmission  being  a  little  more 

complicated. Some dislocations can cross the twin boundaries but some are blocked. At 

high  stress  states  however  they  can  dissociate  into  two  partial  dislocations,  a  glissile 

Shockley partial and a non-glissile Frank partial. Dislocation dissociation is energetically 

unfavourable  and  requires  an  increasing  stress  at  the  slip-twin  boundary  intersection, 

leading to a strengthening. Observations indicate, that most dislocations are found at twin 

boundaries, only a few are found inside the lamellae. The accumulation of Frank partial 

dislocation  and  blocked  Shockley  partial  dislocations  leads  to  the  observed  work 

hardening. Another possible dislocation source are steps in the twin boundaries, which are 

created if a partial crosses the twin boundary. The movement of a partial nucleated at the 

grain boundary-twin boundary intersection can also displace  the  whole  twin boundary, 

leading to a thickening of one lamellae and a thinning of the other. [1], [27–30]
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The nt-copper produced by dynamic plastic deformation displays a different structure. It 

does not display the regular structure of ultrafine grains with growth twins, but a more 

bimodal  structure  of  regions  with  nanosized  twin/matrix  lamellae  taking  33%  of  the 

volume and nanosized grains taking 67% of the volume. The process has some similarities 

with severe plastic deformation processes. A copper block is placed on a lower anvil and an 

upper anvil compresses the sample at strain rates of 102–103 s-1. Before each impact, the 

whole system is  cooled  with liquid  nitrogen to  suppress  recovery and recrystallization 

while deforming. The induced strain is in the range of 2. The samples are much bigger than 

samples produced by electrodeposition and defect free.. The observed twin/matrix lamellae 

are  forming  bundles  of  several  micrometers  in  diameter  and  a  length  of  several  ten 

micrometers. The twin boundaries are not straight as in deformation twins but are curved, 

typical for deformation twinning. The twin thickness varies from some to 900nm, with 

most twins between 10nm and 150nm. The mean twin thickness is 49nm. The bundles can 

be cut by shear bands. Between the bundles three types of nanosized grains are found:

1.  Fragments of twin/matrix lamellae, their mean grain sizes correspond with the 

mean twin thickness. Their total volume fraction is 30%.

2. Inside  the  shear-bands,  nanosized  grains  are  found with  a  mean grain  size  of 

77nm. The volume fraction is about 15%.

3.  The grains  between the  bundles  are  also  nanosized  and have  a  total  volume 

fraction of 22%. Their mean grain size is 121nm.

Figure 36 displays  a  TEM image of the structure of DPD-copper  with the twin/matrix 

lamellae, the shear bands and the three types of nanosized grains.

The  mechanical  properties  of  this  type  of  nt-copper  are  not  as  good  as  in  the 

electrodeposited copper. Th yield strength is only 600 MPa and ductility 11%. The stress-

strain curve in comparison to coarse grained copper can be seen in figure 37. [25], [31]
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Fig. 36: TEM picture of a) a twin/matrix bundle with shear bands and broken lamellae and  

b) of the nanosized grains in between the bundles. [31]

Fig.  37: Engineering  stress-strain  curve  of  DPD  copper  in  comparison  with  coarse-

grained copper tested under quasi-static conditions.  The inset is  a SEM picture of the  

morphology of the fracture sample. [25]
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To compare these values with normal nanocrystalline copper, figure 38 gives the stress-

strain curves for ball-milled and  in situ consolidated copper (a) and electrodeposited nc-

copper at different strain-rates (b).

Fig. 38: Stress-strain curves for in situ consolidated ball-milled nc-copper (a) and for  

electrodeposited nc-copper at different strain rates (b). [32]



4. Theoretical overview 58



5. Materials and Methods 59

5. Materials and Methods

5.1. Sample preparation

5.1.1. Cryomilling of the copper powder

The raw material was copper powder (comp. figure 51), purchased from ECKA Granules 

Germany with a maximum particle size of 130µm. The powder was stored in an exsiccator to 

reduce oxidation. The desired mass of powder was weighted and then filled into the open 

polycarbonate vial. The vial consists of a polycarbonate tube, two non-magnetic steel end 

plugs and a martensitic stainless steel impactor (mass: 150g, steel 440C, hardness RWC: 

58).The vial  with the powder was put  into a glovebox (Captair  Pyramid,  ERLAB).  The 

glovebox was then evacuated and filled with argon to ensure a protective atmosphere inside 

the vial. 

Fig. 39: The polycarbonate milling vial with the steel end plugs and the impactor and its  

dimensions.  The  pictured  vial  was  used  for  milling  iron  powder,  explaining  the  black  

colouring and residues inside.
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The vial was closed while being still inside the glovebox. Subsequently it was placed in a 

SPEX Large Freezer/Mill 6870. Figure 39 displays a picture of the polycarbonate vial with 

impactor and steel end plugs and its dimensions. Figure 40 displays the mill with a vial and 

liquid nitrogen. 

Fig. 40: The SPEX  Large Freezer/Mill 6870 with open gate, filled liquid nitrogen (LN) bath  

and a probe vial.

The mill was filled with liquid nitrogen to ensure the cryogenic milling temperature. usually 

15 l of liquid nitrogen were needed for the initial filling of the mill, since the parts of the mill 

had to be cooled down too. 

The mill  itself  works without mechanical parts,  which could freeze.  The milling is done 

magnetically. Inside the mill, around the tube where the vial is placed are two coils, one at 

each end of the vial. While grinding, they are activate alternating to move the impactor at high 

frequencies inside the vial. The possible frequencies vary from 5 to 15 complete movements 

of the impactor per second, which is equivalent to 10 to 30 impacts per second. Figure 41 is a 

schematic of the mill. A complete milling process consists of a precooling period followed by 

alternating milling and cooling periods. A milling cycle consists of a milling period and a 

Gate
Vial

LN bath

Magnetic 
coils
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cooling period. The precooling is important to ensure that the sample is at liquid nitrogen 

temperature before the milling starts. 

Fig. 41: Schematic of the SPEX  Large Freezer/Mill 6870.

Since the grinding process is highly energetic, it is important to alternate milling and cooling 

in order to prevent a heating of the sample. Usually the temperature should stay constant as 

long as the liquid nitrogen level is high enough, since it is boiling away. If it is boiling, the  

temperature  stays  constant  until  all  nitrogen  has  undergone  its  phase  transition.  The 

consumption of the mill is between 3 l and 8 l of liquid nitrogen per hour, depending on the 

milling/cooling ratio and the milling frequency. The milling time of each milling cycle for all 

experiments was 3 min alternating with a cooling time of 2 min. After the milling, the vial 

was taken out of the mill and placed again in the glovebox, which was reevacuated and filled 

with argon. The vial was then opened and the grinded powder was filled into small glass 

flasks. The flasks were closed and sealed with parafilm to keep oxygen out. A part of the 

powder was put in a cold embedding cup and covered with parafilm to keep the argon inside 

the cup. The cups were filled with an epoxy resin mixed in a 5:1 weight ratio with hardener. 

The curing time was 12 h. The exact milling parameters can be found in chapter 5.3.

5.1.2. Strain rate

Due to the functioning of the mill, the strain rate is hard to determine. It depends on the 

velocity of the impactor, the functioning of the coils, the particle size and morphology and 

other parameters. However, an estimate can be made. The assumptions are more probable to 

underrate than to overestimate the strain rate. Mathematically the strain rate is defined as:
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ϵ̇=d ϵ
dt

= d
dt ( l−l0

l 0 )= 1
l 0

dl
dt

= v
l 0

Determination of v and l0. 

l0 varies highly since the particle diameters are differing and change with the milling process. 

The initial particles have a maximum diameter of 120 µm. Later in the milling process, the 

particles  form flakes  of  only some µm thickness.  The  possible  strain  rates  for  different 

thicknesses are calculated. 

To determine the deformation velocity v is more difficult. We assume, that the deformation 

velocity  corresponds  to  the  impactor  velocity  shortly  before  hitting  the  end  plug.  This 

assumption can be made, because a maximum of 4 g of powder is deformed simultaneously, 

in the improbable case, that all powder is trapped between impactor and end plug, and the 

impactor moves at a very high velocity which gives him a very high kinetic energy. The 

impactor will be decelerated mostly by the end plug and not by the deformation of the copper 

particles. The velocity of the impactor is influenced by the velocity it takes from rebouncing 

at the end plugs and by the attracting force of the two coils. We will assume that the velocity 

due to rebouncing is small compared to the velocity given to the impactor by the coils and can 

be neglected. Since the evolution of the attracting force over time of the coils is not known, 

the strain rates for a constant attraction, a linear growing and a squared growing attraction will 

be calculated. For this calculation s is the distance, v the velocity, t the time, r the impacts per 

second of the impactor and a the acceleration. The distance covered by the impactor is 0,03 m. 

We also know that: 
ds
dt

=v , dv
dt

=a

In the case a (t)=const ,the boundary conditions are:

s( t=0)=0, s(1 /r )=0,03m ,v ( t=0)=0 which leads to:

a (t)=b

v t =btc , v 0=0 c=0
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s( t)=bt2

2
+ct+d , s(0)=0 →d=0

s( t)=bt2

2

s(1/r )=0,03m=b (1/r )2

2

for r=30 :

0,03m=b∗1
2

∗302 s2= b
1800

s2

b=54m s−2

v ( t)=54m s−2t

In the case a (t)=bt+c the boundary conditions are:

s( t=0)=0, s(1/r )=0,03m ,v (t=0)=0, a (t=0)=0 which leads to:

a (t)=bt+c ,a (0)=0→c=0

v ( t)=bt 2

2
+ct+d , v (0)=0 →d =0

s( t)=bt 3

6
+ ct 2

2
+dt+e , s(0)=0 →e=0

s( t)=bt3

6

s( 1
r
)=0,03m= b

6 r3

for r=30 :

0,03m=b∗1
6

∗303 s3= b
162000

s2



5. Materials and Methods 64

b=4860 m s−3

v ( t)=2430m s−3t 2

In the case a (t)=bt2+ct+d the boundary conditions are:

s( t=0)=0, s(1/r )=0,03m ,v (t=0)=0, a (t=0)=0,a ' ( t=0)=0 which leads to:

a ' (t )=bt+c ,a (0)=0 →c=0

a (t)=bt 2

2
+ct+d ,a(0)=0 →d=0

v ( t)=bt3

6
+ ct2

2
+dt+e , v (0)=0→e=0

s( t)=bt 4

24
+ ct3

6
+dt 2

2
+et+ f , s (0)=0→ f =0

s( t)=bt 4

24

s( 1
r
)=0,03m= b

24 r 4

for r=30 :

0,03m= b
24

∗304 s3= b
1,944∗107

b=583200ms−4

v ( t)=97200m s−4t 3

The strain rate is ϵ̇=
v (1/r )

l 0
. Different strain rates for particle thicknesses of 1µm, 10µm 

and 100µm are computed in table 2.
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Strain rate for t = 1/r = 1/30s

Particle thickness

Impactor velocity 1µm 10µm 100µm

v ( t)=54m s−2t 1,8∗106 s−1 1,8∗105 s−1 1,8∗104 s−1

v ( t)=2430m s−3t 2 2,7∗106 s−1 2,7∗105 s−1 2,7∗104 s−1

v ( t)=97200m s−4t 3 3,6∗106 s−1 3,6∗105 s−1 3,6∗104 s−1

Table  2: Calculated  strain  rates  for  different  impactor  velocities,  based  on  different  

behaviour  of  the magnetic  coils,  and different  particle  thicknesses.  We can see,  that  the  

particle thickness has a much stronger effect on the strain rate than the behaviour of the coils.  

From this calculations, we can conclude, that the strain rate mainly depends on the particle 

thickness. However the calculations are based on several rough assumptions, so the values 

should be treated in their as estimations of magnitude and not as exact values. However, the 

mill achieves quite high strain rates.

5.1.3. Cold compaction

The milled powder was cold compacted using a MEGA 30TNS press in order to obtain 

samples for hardness measurements, electron backscatter diffraction (EBSD) and TEM. The 

compacts were cylindrical with a diameter of 7 mm, a thickness between 1 mm and 3 mm and 

a mass around 0,4 g. Figure 42 is a picture of the used press, a compact and the mould with its 

plunger. The longer upper stamp and the shorter lower stamp were both lubricated with MoS2. 

The lower part was put in the mould, followed by the weighted milled powder and the upper 

part. Some blows with a hammer were applied to make sure no air was inside the mould. It 

was pressed for 30 min at a force of 50 kN, is equivalent to a pressure of 1,3 GPa on the 

powder.
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Fig. 42: The MEGA 30TNS press used for cold compaction (a) and the compaction mould  

with the long upper and the short lower stamp (b).

After pressing, the sample was taken out, measured and its density determined. The density 

was determined directly,  measuring diameter, thickness and mass of the sample and with 

Archimedes method.  Finally the samples were glued to sample holders to  facilitate  their 

manipulation.

5.2. Sample characterization

The samples were characterized using different techniques. First, their indentation hardness 

was  determined.  The  powder  and etched samples  were  observed  in  a  scanning electron 

microscope.  The  elemental  composition  was  determined  using  energy-dispersive  X-ray 

spectroscopy  (EDX/EDS).  The  microstructure  was  analysed  by  transmission  electron 

microscopy (TEM) images and electron backscatter diffraction.
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5.2.1. Indentation hardness

Indentation hardness describes the resistance of a material against plastic deformation due to a 

constant applied force by another sharp and harder object. The surface of the indentation is 

measured and it can be counted as a non-destructive materials testing method. An indenter of 

a well-defined geometry is applied with a defined force to the surface deforming it elastically 

and plastically. The remaining indentation is measured and the hardness calculated. There are 

different hardness tests, such as Brinell hardness, Vickers hardness, Knoop hardness, Shore 

hardness or Rockwell  hardness.  In this  work,  the Vickers hardness was determined. The 

Vickers indenter is a square-based diamond pyramid with an opening angle of 136°. After 

indenting, the diagonals of the indentation are measured and the hardness is calculated with 

the mean diagonal length. Hardness is defined as force per indentation area,. The formula for 

Vickers Hardness is:

HV =0,1891 F
d 2

with HV the Vickers hardness, F the applied force in Newton and d the mean diagonal length 

in mm. There is a distinguishing between macrohardness, which means indentation forces 

higher than 9,8 N and microhardness with indentation forces lower than 9,8 N. 

During the first direct microhardness tests of powder particles a lot of problems occurred. The 

first problem was, that the epoxy resin was not hard enough for hardness tests on powder. The 

particles were pressed deeper in the resin instead of being indented. This problem was solved 

by a change in the resin/hardener ratio to more hardener. A second more serious problem was 

the particle geometry. After milling, the copper powder had the form of small flakes of several 

hundred micrometers length and width, but only several micrometers thickness. Some were 

thinner than the indentation deep, so it was not possible to distinguish which indentations 

indicated the hardness of the copper and which pierced the flakes. To avoid this, the powder 

was cold compacted and then polished and its hardness tested directly, without embedding. 

The compacts were glued to aluminium pins, grinded with 2400 grinding paper and polished 

with 6 µm diamond paste. The indentation force was 0,098 N and 0,245 N, thus HV0,01 and 

HV0,025. The indentation time was 15 s. For each sample, 20 good indentations were made. 
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5.2.2. Scanning electron microscopy

Scanning electron microscopes  (SEM) are  the  most  common used microscopes  to  reach 

magnifications which are not possible with optical microscopes. The first SEM picture was 

attained 1935 by Max Knoll, the first patent was given to Manfred von Ardenne in 1937 and 

the first  commercially available  SEM was built  by the Cambridge Scientific  Instruments 

Company in 1965. An electron gun, today mostly field emission effect guns, while in older 

instruments tungsten wires were used,  produces an electron beam. This electron beam is 

accelerated at tensions between 0,2 kV and 40 kV and focused by two sets of magnetic 

condenser lenses to a minimum diameter between 0,4 nm and 40 nm, depending on the 

microscope and the original electron gun. Afterwords it is deflected by the deflector coils to 

scan each point of the sample. The magnification ranges of modern SEMs are between 10 and 

1000000, which is 500 times more than the maximum magnification of optical microscopes. 

It is called scanning electron microscope because the electron beam focuses by the deflector 

coils on a point of the sample and scans it. Then the next point is scanned and so on. Each  

scanned point gives an image point. The scanned region has the form of a drop. Several types 

of radiation is emitted and can be detected. Figure 43 displays the emitted radiation and figure 

44 the schematic layout of a SEM. usually, only secondary electrons, backscattered electrons 

and the characteristic X-rays are used. Secondary electrons are ejected electrons from the K-

orbitals of the sample due to inelastic scattering. They are emitted very near to the surface and 

give a good image of the topography of a sample. Higher regions appear brighter while lower 

regions are darker. Backscattered electrons are elastically backscattered primary electrons. 

Heavy elements backscatter stronger than light elements, zones with a high mean atomic 

number appear brighter than regions with a low mean atomic number, but it is not possible to 

see the topography of a sample with backscattered electrons. The characteristic X-rays can be 

used for an elemental analysis,  also known as energy-dispersive X-ray spectroscopy. The 

primary electrons can kick out electrons from lower orbitals. If this happens, an electron from 

a higher  orbital  migrates  to the free orbital  under emission of X-rays.  These X-rays  are 

characteristic for each element, so they can be used to identify the elements in the sample. The 

analysed region is similar to the chosen diameter of the electron beam.
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Fig. 43:  The possible interactions between the primary electron beam and a sample in a  

scanning electron microscope.[33]

Fig. 44: Schematic layout of a scanning electron microscope. [33]

In this work, two different high-vacuum SEMs were used, a JEOL JSM-6400) with a tungsten 

wire electron gun for lower magnifications and a field-emission SEM from type JEOL JSM-

7001F  both  equipped  with  an  EDX  detector.  Figure  45  shows  both  scanning  electron 

microscopes.
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Fig. 45: Pictures of both used scanning electron microscopes, the JEOL JSM-6400 (a) and  

the JEOL JSM-7001F (b)

The topography of the copper powder was observed in its initial state, after different milling 

processes  and  after  cold  compaction.  Some  powder  was  embedded,  polished  and 

metallographically  etched  in  order  to  reveal  its  microstructure.  An  EBSD  analysis  was 

performed on the cold compacts. To observe the powder, a little bit of powder was glued to a 

strip of carbon adhesive tape and put in the SEM. Acceleration voltage was 20kV under high-

vacuum conditions. The pictures were taken in the secondary-electron mode. To determine the 

elemental composition of powder and possible contaminations, EDX was performed to the 

powder particles, analysing several particles for each sample. 

5.2.3. Metallographic pictures

Metallography is the study of the microstructure of a metal. The samples are prepared and 

then observed in a microscope in order to reveal their grains and grain borders .

To get metallographic pictures, the samples were polished and etched in order to see the 

microstructure, like grain size, phases etc. The pictures itself were taken using a SEM, the 

grain sizes  were expected to be to small  for an optical  microscope.  First,  the embedded 

powder was grinded with grinding papers of mesh sizes 1200 and then 2400. Thereafter, it 

was polished using diamond suspensions of different particles sizes, first with 6µm, then 3µm 

and at least 1µm. Finally, the samples were etched in an iron(III)-chloride solution (FeCl3 + 

H2O) for approximately 4 s. The etched sample were sputtered with platinum/palladium up to 
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a thickness of ~1 nm in a Cressington Sputter Coater 208HR and observed in a SEM (JEOL 

JSM-7001F).

5.2.4. Electron backscatter diffraction

A more recent imaging technique with SEMs is the Electron Backscatter diffraction (EBSD). 

It is used to analyse structure, morphology, phases, grain size, grain orientation,texture and 

local stress states in a crystal. For an EBSD analysis, the SEM has to be equipped with an 

EBSD detector, containing a phosphor screen, a compact lens and a low-light CCD-camera 

chip. The functioning mechanism is based on incoherent wide-angle scattering of the primary 

electrons.  For  this,  the  sample  is  inclined  by 70°  in  relation  to  the  electron  beam.  The 

diffracted electrons form a divergent point-source inside the material. Some of the electrons 

from this source satisfy the Bragg-conditions  2d sin=n ,were d is the spacing of the 

different crystallographic planes, θ the angle of incidence,  n a normal number and λ the 

wavelength of the electrons. The diffracted electrons form a set of large, paired cones. Each 

pair corresponds to a diffraction plane. A pair of cones is formed for each diffraction plane in 

the  crystal.  The  regions  between  two  cones  have  an  enhanced  electron  intensity.  On  a 

fluorescent screen, this displays in form of the characteristic Kikuchi bands of an EBSD 

pattern. Figure 46 displays the formation of the cones of diffracted electrons on a screen (a) 

and an EBSD pattern (b). The width of a Kikuchi band depends on its Bragg angle.

Fig. 46: (a) Formation of the cones of Diffracted electrons on a phosphor screen due to  

EBSD. (b) An EBSD pattern. [34]
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Each Kikuchi band represents a  crystallographic plane and can be indexed by its  Miller 

indices. Intersections between bands corresponds to the intersection of zone axes in the crystal 

with the phosphor screen. The intersection points can be labelled with the crystal direction of 

its  zone axes.  The indexation  is  usually automatized.  An EBSD analysis  consists  of  the 

capture and indexation of a lot of EBSD pattern, following the same mesh as for a normal 

SEM picture, so the crystal orientation for every point of the analysed section of the sample is 

known. The resolution can be chosen and can be as small as several nm. 

The cold compacted copper powder was grinded with 2400 paper and polished with diamond 

suspension of particle sizes of 6 μm, 3 μm and 1 μm. As a finishing, the surface was polished 

with  colloidal  silica  of  particle  sizes  of  25  nm for  more  than  one  hour.  To  ensure  the 

conductivity between compact and aluminium pin, the side of the compact was painted with a 

conductive silver paint and dried. The samples were placed in the SEM (JEOL JSM-7001F) at 

an angle of 70°. The chosen step size was either 30nm, 20nm or 15nm. The section was 1200 

times 900 image points. Some images were done with step sizes of 10 nm and 15 nm but the 

samples moved while indexing due to charging effects so they could not be interpreted. Since 

one mapping took about 15 h, just a small number of samples could be characterized. From 

these, only two experiments gave good results, a sample of 90 min milled copper and 270 min 

milled copper. The images were treated with HKL CHANNEL5. First a noise reduction was 

conducted to eliminate artefacts and fill non-indexed spots. After this, orientation maps grain 

sizes, inverse pol-figures and twin boundaries fraction were deduced. 

5.2.5. Transmission electron microscopy
Transmission  electron  microscopes  were  the  first  commercially  available  electron 

microscopes, in 1939. The first functioning TEM was build by Ernst Ruska and Max Knoll 

in 1931. A beam of electrons is transmitted through an ultra-thin specimen and interacts 

with it.  The image is then modified and focused to an imaging device such as a CCD 

camera or a fluorescent screen. The imaging mechanism of a TEM is basically the same as 

in an optical microscope but instead of optical lenses it uses magnetic lenses to focus the 

beam. Due to the much smaller de Broglie wavelengths of electrons compared to visible 

light  it  can  achieve  much  higher  magnifications  than  an  OM.  The  maximal  angular 

resolution of state-of-the-art TEMs is 0,05 nm, meaning that high-resolution TEMs can 

display single atoms. The wavelength of electrons is around 10-13 m, so the maximum is not 
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achieved yet.  The limiting factor for a higher resolution is  the quality of the magnetic 

lensing system. The electrons are produced in an electron gun, such as a tungsten wire, a 

lanthanium  hexaborid  or  a  field  emission  gun,  and  accelerated.  Common  maximum 

acceleration voltages are 300 kV or 400 kV. The voltage used depends on the sample. For 

high resolutions, high accelerations are necessary, but can also damage the sample. For 

biological samples, the acceleration voltage usually lies between 80 kV and 120 kV, for 

metallic or ceramic materials between 200 kV and 400 kV. After accelerating, the beam 

passes the usually three staged optic of the microscope. The magnetic lenses used for it are 

different arrangements of several, four or six, electromagnets. These coils create a lensing 

magnetic field, influencing the electron beam. The first stage, the condenser lenses, are 

responsible  for  the  primary  beam formation.  After  this  stage,  the  beam is  transmitted 

through the sample and refocused by the second stage of lenses, the objective lenses. The 

last set of lenses are the projector lenses, focusing the beam on the imaging device. Other 

sets  of  lenses  for  correction  of  asymmetrical  beam  distortions  or  diffraction  can  be 

included  between  the  objective  lenses  and  the  projector  lenses.  Figure  47  displays  a 

schematic of a transmission electron microscope.



5. Materials and Methods 74



5. Materials and Methods 75

To observe the copper powder produced by cryomilling in TEM it was cold compacted. 

Less powder (0,1 g) was used to produce a thinner specimen than for EBSD and hardness, 

since it was thinned afterwards anyway. The compression force was 75 kN, the compact 
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diameter 7 mm and the compact thickness 480 µm. From the 7mm compact, a circle of  

3mm diameter was stamped out. This smaller sample was glued, using a wax, to a Gatan 

disc grinder 623 and manually polished with 9 µm polishing paper to a thickness of 120 

µm. Next, the sample was polishing down to 40 µm, using a 1 µm polishing paper. It was 

detached from the sample holder and glued to a copper wire. The curing time of the glue 

was 24 h. Afterwords the sample was ion polished for 2 h from both sides at a beam energy 

of 5 keV, 3,5 rpm and and angle of 7° (Gatan ion polishing system Modell 691). After the 

first  polishing,  the electron transparent area was very small,  so a second polish with a 

lower angle of 3° was done for 1 h. This sample was then observed in a  Hitachi H 800 

transmission electron microscope at an acceleration voltage of 200 kV.

5.2.6. Statistical analysis

The statistical analysis was made with qtiplot 0.9.8.3-3 and SPSS 17. The significance level 

was α=0,05. The used test was the paired t-test. 

5.3. Process parameters of milling

There are several parameters influencing the milling process. The SPEX mill offers amongst 

others  different  milling  rates  and  cooling  times.  All  these  parameters  can  influence  the 

properties and structure of the produced copper powder. Since there was no experience with 

this type of milling, a certain amount of experiments was necessary to determine the influence 

and to gain practical knowledge with this type of milling. The important parameters were:

• Milling atmosphere

• Precool time

• Mass of powder (also impactor to powder ratio)

• Number of cycles

• Milling time per cycle

• Cool time per cycle
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• Rate, which gives the number of impacts per second.

5.3.1. Milling atmosphere

The milling atmosphere was inert, the vials were filled with argon. This ensured that no or 

very few oxidation  occurred,  making a  change of  the atmosphere  unnecessary.  Also the 

storage of the milled powder was done in an argon atmosphere.

5.3.2. Precool time

The precool time is the time from starting the process  to starting the first milling cycle. It 

ensures, that the sample and the vial are cooled down to liquid nitrogen temperature. In all 

experiments, the milling time was 5 min. It is considered long enough to ensure the cooling 

down, since the outgoing airflow, due to boiling of the nitrogen after the insertion of the vial 

decreases steadily in the first minute and remains then constant.

5.3.3. Mass of powder

Different masses of powder were milled. Since the mass of the impactor was fixed (150 g), 

the mass of milled powder determined the impactor to powder ratio. Two different masses 

were used, 2 g and 4 g in order to identify a possible effect on the resulting microstructure. 

The maximum charge of the mill is 20 g, but considering that higher charges imply longer 

milling times lower charges were chosen. A compaction needs usually 0,4 g of milled powder, 

so 2 g and 4 g seemed appropriate, because there is enough powder to compact, embed, 

observe in a SEM and keep a stock if some experiments have to be repeated.

5.3.4. Number of cycles
A cycle consists of a period of milling and a period of cooling. The durations were kept 

constant  throughout  the  whole  work,  so  the  number  of  cycles  is  the  only  variable 

determining the milling time of the powder. The longer the powder is milled, the finer the 

microstructure will be up to a certain point where no more grain refinement is achieved. 

Since the milling time per cycle was kept constant, a high number of cycles corresponds to  

a high milling time and a low number of cycles to a low milling time. First, relatively low 

numbers of cycles were used but the results were not satisfactory, no nanostructure was 
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identified,  so  the  milling  time  was  augmented.  In  total,  the  number  of  cycles  varied 

between 1 and 90. 

5.3.5. Milling time per cycle/ run time
In order to avoid a heating of the powder, the mill was not run continuously. There was an 

alternation between milling and mere cooling, forming cycles. The milling time per cycle 

was kept constant, to allow comparability of the different experiments and it was kept low 

enough to keep the powder very close to the temperature of liquid nitrogen (77,36 K). The 

chosen time was 3 min, based on information in the users manual of the SPEX mill. 

5.3.6. Cool time per cycle
The chosen cool time per cycle was 2 minutes. Since the milling time is only 3 minutes and 

a  good part  of the heat  produced by the milling causes boiling of the liquid nitrogen, 

thereby keeping the temperature constant instead of heating the system, this cool time was 

thought  to  be  long enough.  These  cycles  were  also  used  to  refill  the  mill  with liquid 

nitrogen, allowing everything to cool down after opening the mill.

5.3.7. Rate/ impacts per second
The rate controls the velocity of the impactor and the number of impacts per second. A 

higher rate leads to a higher velocity and a higher number of impacts, increasing the strain 

rate and the kinetic energy working the powder. The number of impacts per second is the 

double of the rate, one impact at each end of the vial. The possible rates varied between 5s -

1 and 15s-1 meaning 10, 20 or 30 impacts per second. Some primary trials were made with 

10 or 20 impacts per  second,  but  later  all  experiments  used 30 impacts  per  second to 

decrease the milling time and to induce twin-based deformation due to a higher strain rate.

5.3.8. Conducted experiments

5.3.8.1. First experimental planning

At the beginning, a first experimental planning was developed. A fractional factorial design 

was used. The number of factors were reduced to three, the milling time (number of cycles 

* 3 min or run time), the rate and the mass of powder. The precool time was fixed to 5 min, 

a constant. The milling atmosphere was all the time Argon, also constant. The cooling time 
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per cycle and the run time were fixed to 2 min and 3 min, also constants, leaving only the 

named three factors. The factorial design followed an orthogonal approach, three different 

values were chosen for each factor. Figure 48 displays the design. Intersections of the lines 

represent possible experiments. The full factorial design, a 33 design, would result in 27 

experiments,  the  fractional  design  in  only  12.  The  circled  intersections  represent  a 

conducted experiment.

Fig.  48:  The  first  experimental  planning,  a  fractional  factorial  design.  Intersections  

represent possible experiments and circled intersections conducted experiments. The three  

experimental settings for each variable are given. 

This first set of experiments was done, the obtained powder used for SEM pictures and 

hardness measurements. 
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5.3.8.2. Further experiments

The results of the first experiments indicated, that not enough deformation was induced in 

the material to obtain a nanostructured material. The milling time was than extended first 

to 30min and step by step up to 270min. Masses were either 2 g or 4 g. Figure 49 gives an 

overview the further conducted experiments.

Fig. 49:  Overview of  all  later conducted milling processes after the first  experimental  

plan.
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6. Results

6.1. SEM pictures

6.1.1. Powder evolution
The following SEM pictures, figure 50 - figure 63 display the evolution of the powder 

particles  from the  initial  powder up  to  270 min  of  milling  time.  The rate  was,  if  not 

indicated differently, 30 impacts per second and the mass of milled powder 2 g. 

Fig. 50: SEM pictures of the initial powder at a magnification of 35x (a) and 75x (b). We  

see mostly spherical particles with diameters around 100 µm.

Fig. 51: SEM pictures of the powder after 3 min of milling at a magnification of 35x (a)  

and 75x (b). Some particles are already flattened or fractured and start to form larger  

flakes by cold welding while the rest has still its initial spherical morphology.
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400 µm
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Fig. 52: SEM pictures of the powder after 15 min of milling at a magnification of 35x (a)  

and 75x (b). Most particles are now flattened or fractured and we can see a high number  

of flake-like structures, formed by cold welding. However, some spherical particles remain.

Fig. 53: SEM pictures of the powder after 33 min of milling at a magnification of 35x (a)  

and 75x (b).  There are no remaining spherical particles.  Big surfaces are formed, but  

small  flakes  are  also  present.  The borders  of  the  flakes  look  sometimes irregular  and  

broken. We can see that the big surfaces are formed of several cold welded particles.
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Fig. 54: SEM pictures of the powder after 57 min of milling at a magnification of 35x (a)  

and 75x (b). All particles are now flakes of different sizes. There are bigger flakes which  

are cold welded of other particles. The initial bigger flakes are now breaking, we observe a  

lot of shattered flakes of very irregular shapes. Some cracks can be observed on the flake  

edges.

Fig. 55: SEM pictures of the powder after 90 min of milling at a magnification of 35x (a)  

and 75x (b). The morphology is showing very thin (several µm) but quite large flakes of  

copper. No more regular shaped flakes can be observed, there are a lot of cracks on the  

edges of the particles and inside the flakes itself. The flakes are more shattered and smaller  

than in figure 54.
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Fig. 56: SEM pictures of the powder after 90 min of milling at a magnification of 35x (a)  

and 75x (b). The milled mass was 4g, in contrast to figure 55 with a mass of 2 g. The  

morphology of the powder does not differ much from the previous picture, but the edges of  

the particles seem less fractured and smoother. 

Fig. 57: SEM pictures of the powder after 135 min of milling at a magnification of 35x (a)  

and 75x (b). The number of impacts per second was 20 and the milled mass 4 g. Giving the  

milling time of 135 min, the total number of impacts corresponds to the total number of  

impacts of the powder milled for 90 min which can be seen in figure 56. Due to the lower  

strain rate (33% lower) and kinetic energy of the impactor, the deformation is not as brutal  

leading to smoother edges and less fractured flakes. Cold welding is still present.
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Fig. 58: SEM pictures of the powder after 135 min of milling at a magnification of 35x (a)  

and 75x (b). The particle size are further diminishing, the before observed large flakes  

seem to break and at the same time the flakes once more thinner.

Fig. 59: SEM pictures of the powder after 135 min of milling at a magnification of 150x  

(a)  and 1500x (b).  The particles  in  a have  very  rough and fractured edges.  They  are  

composed of different layers of cold welded particles. In b we have a close-up picture of  

the edge of a particle. The structure is layered and the layers very thin. Small cracks are  

visible on the surface, indicating that the particle broke by fatigue fracture.
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Fig. 60: SEM pictures of the powder after 180 min of milling at a magnification of 35x (a)  

and 75x (b). 4 g of powder were milled. The particles are becoming very small. The larger  

flakes seem to break directly in smaller ones, a step of this process is indicated at b with an  

arrow. The marked particle displays a lot of small cracks and has already started to break 

Fig. 61: SEM pictures of the powder after 180 min of milling at a magnification of 150x  

(a) and 500x (b). 4 g of powder were milled. At this higher magnifications we can see, that  

there  is  a  large  population  of  very  small  particles,  some  in  the  range  of  several  

micrometers or even smaller. These small particles also display a flake-like form.

1 mm 400 µm
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Fig. 62: SEM pictures of the powder after 270 min of milling at a magnification of 35x (a)  

and 75x (b). 4 g of powder were milled. The already discussed refinement of the powder is  

continuing. The number of large flakes is drastically reduced as well as the medium-sized  

flakes. The large flakes seem to be shattered as if smaller flakes are contentiously breaking  

away.

Fig. 63: SEM pictures of the powder after 270 min of milling at a magnification of 150x  

(a) and 500x (b). 4 g of powder were milled. Most particles are around 30 µm of size and  

still flake-shaped giving them a much lower thickness. In b, we can observe a cracking  

particle  with a well  developed crack in  the right  corner of  the image.  The very small  

particles seem to be agglomerating  to form desert rose resembling shapes.

The initial powder consists of spherical particles, some 100 µm of diameter (comp. figure 

50). When the milling starts, some spherical particles are flattened (comp. figure 51. The 

number of remaining spherical  particles  decreases  with increasing milling time (comp. 

figure 52. In figure 53, at 33 min of milling time, no more initial particles can be observed.  

At the same time the flattened particles are welded together to form large flakes. Smaller 

1 mm 400 µm

200 µm 50 µm
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flakes can be observed too The flattened particles and the flakes are much larger than 

thick. With increasing milling time, these flakes are welding together to form large surfaces 

(comp. figure 54). After attaining a maximum, the flakes become smaller with increasing 

milling time, the former previous very large particles are starting to shatter to form small 

flakes which are once again welded together (comp. figure 55 - 57). Lots of cracks can be 

observed on the edges  and inside the particles.  The smaller  flakes  have very irregular 

shapes and also the larger flakes look very irregular. We can see, that they are composed of 

cold welded smaller flakes.  These shattering of the flakes to form even smaller flakes 

continues with the milling (comp. figure 58 - 63) . The breaking mechanism of the larger 

flakes seem to be a shattering process. Fatigue cracks are developing and smaller flakes are 

breaking away. The larger particles are dissolving into a lot of even thinner small particles 

since they seem to peel off layer for layer. A good example for this process can be observed 

in figure 60 b). At the same time, the particles are cold welded into layered structures and 

reshatter due to fatigue cracks. Both can be observed in figure 59 b). At 270 min of milling 

(comp. figure 62, 63), most particles are some tens of micrometers in diameter but still 

flake-shaped. A not unimportant population of submicrometric particles is formed at the 

same time. These have a certain tendency to agglomerate to form desert rose resembling 

shapes. The powder milled 90 min at 30 impacts per second (comp. Figure 56) can also be 

compared to  the powder milled at  20 impacts  per  second for  135 min,  since the total 

number of impacts is the same. The slower milled powder looks less shattered, edges are 

smoother since the impactor velocity and its kinetic energy are lower, so the deformation is 

less brutal. Cold welding is still present. The figures 58 and 59 display both powder milled 

for 90 min at 30 impacts per second with the difference that in the first figure, 2 g of  

powder were milled and in the second case 4 g. 

6.1.2. Cold compacts
The relative density of the cold compacts varied between 0,79 and 0,94 with a lowering 

density for higher milling times as can be seen in figure 64. The relative density is the 

density  of  the  cold  compact  divided  by  the  density  of  copper,  so

ρrel=
ρcompact
ρCu

=
ρcompact

8,92 g cm−3 .
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The elemental composition of the compacts only display copper and oxygen as can be seen 

in figure 65. Elemental analysis of other cold compacts gave very similar results. There is 

always a certain fracture of oxygen, sometimes some carbon, most probably an artefact 

from remaining CO2 in  the  microscope.  Another  explanation  for  the carbon content  is 

contamination due to chip-off of polycarbonate from the grinding vial. The exact oxygen 

fraction  could  not  be  determined,  since  EDX  is  more  of  a  qualitative  measurement 

technique. 

Fig. 64: The relative density for different milling times. The compact density seems to be  

decreasing  with  increasing  milling  time.  The  milling  mass  does  not  seem  to  have  a  

significant influence. It is interesting, that a lower strain rate ( 20 impacts per second)  

leads to a much higher relative density.
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Fig.  65: Elemental  analysis  via  EDX of  a  90  min  cryomilled  cold  compacted  copper  

sample. The indicated carbon is an artefact but some oxygen (ca. 1%) is present.

The SEM pictures of the cold compacts display a certain degree of porosity and small 

cracks. The different flakes, which form the compact can also be seen, so a certain layered 

structure exists (comp. figure 66, 67).

Fig. 66: SEM pictures of a non-contaminated cold compact. The magnification is 75x. The  

original copper flakes can still be seen. Pores are present. The powder was cryomilled for  

90 min.
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Fig. 67: SEM pictures of a non-contaminated cold compact. The magnification is 300x.  

The  original  copper  flakes  can  still  be  seen,  they  appear  like  different  shapes  of  the  

compact. Small cracks and pores are identifiable. The powder was cryomilled for 90 min.

With increasing milling time, the morphology of the compact changes. Since the particles 

are smaller, the compacted structure is finer. The compacted layers are much thinner and 

seem less dense compacted, possibly due to a higher strength of the material or decreasing 

ductility. Figure 68 displays SEM pictures of 180 min milled compacted powder magnified 

300x and 1500x. We observe two main morphological  features,  horizontal  and vertical 

particles. In case of the vertical particles, we see the different compacted layers, in case of 

the horizontal particles, we sometimes see layers welded together

Fig. 68: Cold compacts of 180 min milled copper powder. The magnification is 300x (a)  

and 1500x (b). Differently orientated particles, pores and cracks can be observed. The  

vertical  orientated  particles  are  very  thin,  ranging  from  some  micrometers  to  even  

submicrometric thicknesses.
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At 270 min of milling time, the compact seems finer structured, less dense and with a less 

smooth surface than with lower milling times. The compacted particles were much smaller, 

so there were more pull-offs particles while polishing the surface. The porosity is higher, 

the compaction seems to work less well for this powder. Figure 69 and 70 display SEM 

pictures of the 270 min milled compact at different magnifications. It is difficult to decide 

if the different visible layers are welded together in the milling process or just compacted.

Fig. 69: Cold compacted copper  powder,  cryomilled for 270 min.  The structure seems  

chaotic and not well compacted. The magnification is 500x (a) and 1500x (b).

Fig. 70: A close-up SEM picture of a cold compact of 270 min cryomilled powder 5000x  

magnified. The cold compacted layers are very thin, around 1µm or less. In the different  

layers, still thinner, cold-welded layers can be observed. It is difficult to tell if the layers  

have been welded together in the milling process or during compaction. 
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6.2. Vickers hardness testing

The measured Vickers hardness values are summarized in the boxplot figure 71. The values 

vary between 100 HV and 210 HV depending on the milling time. They were statistically 

analysed and there are significances (paired t-test, α = 0,05). The samples can be divided 

into two groups, the first groups containing the samples with milling times between 9 min 

and 57 min and the second group the samples with larger milling times.  The hardness 

values of the second group are significantly higher than of the first group. Inside the groups 

are not significant different hardnesses. What we can see in the boxplot is that for higher 

values, the hardness values are largely scattered. What could be observed while doing the 

indents,  was a  difference  between different  zones  of  the  compact.  Indenting a  vertical 

particle, which means the indent is perpendicular to the main deformation direction of the 

particle,  leads  to  a  high hardness  value  (  around 180-200 HV).  Indenting a  horizontal 

particle in direction of the main deformation lead to a lower value (around 120-140 HV). 

This effect only occurred for milling times higher than 135 minutes. For milling times 

below 60 minutes, nearly all hardness values were in the lower range. For intermediate 

milling times, high and low hardness values could be measured on every surface of the 

compact. In figure 69 of the previous paragraph, both zones can be seen. The layered zones 

had a higher hardness than the flat ones. 
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Fig. 71: Boxplot of the Vickers hardness of cryomilled copper for different milling times.  

There is a significant difference in hardness between milling times under 60 min compared  

to more than 60 min. Inside these two groups, there are no significant differences.

6.3. Metallography

Unfortunately, the microstructure was not visible on the etched SEM pictures (comp. figure 

72, 73). Some regions were attacked more severely than others and smaller particles were 

more attacked than bigger ones. The pictures look chaotic and are difficult to interpret. In 

some places grain like structure were observed (comp. figure 74, 75), but it is difficult to 

say if really grains are visible or just artefacts from the etching.
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Fig.  72: SEM  picture  of  an  etched  copper  sample.  It  is  not  possible  to  see  the  

microstructure, but some regions are more attached than others.

Fig.  73: SEM  picture  of  an  etched  copper  sample.  It  is  not  possible  to  see  the  

microstructure. The surface layer is mostly etched, leading to this insular picture.
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Fig. 74: SEM picture of an etched copper sample. The structures in the centre of the image  

could be grains but also artefacts from the etching. The very small grains, visible on flat  

surfaces, is the sputtered coating.

Fig. 75: SEM picture of an etched copper sample. Some of the visible structures could be  

grains, but the quality of the etching is not good enough to be sure. The very small grains,  

visible on flat surfaces, is the sputtered coating.
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6.4. Electron backscatter diffraction (EBSD)

EBSD  produced  a  large  number  of  results.  From  the  scanned  surface  area,  grain 

orientations in form of inverse pole-figure coloured orientation maps were deduced and 

grain  sizes  and  twin  boundary  fraction  calculated.  Two  analysed  samples  gave  good 

results, which are displayed in the following chapter. Both were milled at 30 impacts per 

second, one for 90 min and the other for 270 min. The magnification was for both 10000x 

and the step size 20 nm. The SEM pictures of the indexed surface can be seen in figure 76. 

In case of the 270 min milled sample, the area was chosen to contain differently orientated 

particles in order to see if there is difference in texture.

Fig. 76: SEM image of the sample surface of 90min (a) and 270min (b) cryomilled copper  

powder before EBSD mapping. In picture b we can see, that more than one particle has  

been analysed, a flat particle and a vertical one. 

All the EBSD results should still be treated cautiously. After the mapping there is a step of 

noise reduction and therefore a source of possible artefacts. The measured grain sizes go 

down to the step sizes, so it is highly probable that this leads to a bias in the calculated 

grain sizes since the proportion of not indexable grain boundaries become very high in 

comparison to the grains. It is also unknown if there are grains smaller than the step size. 

Even grains larger than the step size can be neglected if they are not indexed for example if 

the beam is not centred on them.
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6.4.1. Orientation mapping

Fig. 77: Explanation of the IPF colouring. Red means 001, blue 111 and green 101. 

The orientation maps are coloured following the crystal orientation of the detected grains. 

Figure 77 displays the corresponding orientations to the different colours. Red is a 001, 

blue  a  pure  111  and  green  a  101  orientation.  Black  lines  are  grain  boundaries 

(misorientation > 15°) and  white lines subgrain boundaries (misorientation between 2° and 

15°).  Figure 78 displays the orientation mapping of a 90 min at 30 impacts per second 

milled sample with subgrain boundaries. The grain sizes are large scattered, ranging from 

micrometric grains to  grains  measuring only some tenth of nanometres.  The sample is 

highly deformed and cold worked as the large number of subgrain boundaries and high 

misorientations  inside  the  same grain  indicate.  These  misorientations  give  the  map  an 

aquarelle  like  look.  Small  grains  usually  are  not  so  deformed  and  display  a  more 

homogeneous  orientation  and their  form is  elongated.  Normal  equiaxed grains  are  not 

present. The larger grains however seem to change orientation continuously for example 

from a pure 101 orientation to a 001 or a 111 orientation. 101 and 111 orientations are 

dominating, compared to 001 orientations. 
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Fig. 78: EBSD misorientation mapping of cold compacted copper powder, milled at 30  

impacts  per  second  for  90  min.  Black  lines  indicate  grain  boundaries  (>15°  

misorientation)  and  white  lines  subgrain  boundaries  (>2°  misorientation).  A  lot  of  

intermediate and small grains, and some large grains can be observed. Inside the larger  

grains are a high number of subgrain boundaries.  The whole structure seems strongly  

deformed. 

Figure 79 is the disorientation map for the 270 min milled sample at a step size of 20 nm. It 

is important to state, that there are regions with artefacts from Channel 5. The particle 

borders were difficult to index and the refined image obtained contain some errors. For 

grain  size  analysis  and twins,  just  regions  of  this  map  were  used.  In  overall,  we can 

identify the different particles (comp. figure 76 b)),  the flat  one in the middle and the 

vertical ones in the right part of the map. Not indexed parts display a bar-like structure. The 

grain structure is much finer than in the 90 min sample. It still has certain aquarelle like 

appearance but the grains are much smaller. The very large grains, present at 90 min are 

not visible. Also the misorientation inside of grains is smaller. It is still visible, that the 

grains are largely deformed and the number of subgrain boundaries is equally high but a 

refinement is visible. There is also a clear distinction between the flat particle in the centre 
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and  the vertical particles in the right part of the picture. The grains in the centre are much 

more spacious and seem more equiaxed than the other grains. The load direction of these 

grains is from above the image. The grains on the right are much more flattened. They 

seem to form different layers. In their case, the loading direction is perpendicular to their 

elongated axis.

Fig. 79: EBSD misorientation mapping of cold compacted copper powder, milled at 30  

impacts  per  second  for  270  min.  Black  lines  indicate  grain  boundaries  (>15°  

misorientation)  and  white  lines  subgrain  boundaries  (>2°  misorientation).  The  grain-

structure of the flat particle seems equiaxed. The grains in the flat band are line-shaped.  

The whole grain-structure is finer than in the 90 minutes sample. The black circle indicates  

the region of the horizontal particle,  the white circle the vertical particle The bar-like 

structures are artefacts from the data treatment. Inside the larger grains are a high number  

of subgrain boundaries. The whole structure seems strongly deformed. 

6.4.2. Grain size statistics
The grain size statistic was done for the samples with 90 min and 270 min milling time. To 

determine the grain sizes without twins, the σ 3 grain boundaries were disregarded. Table 
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3  assembles  these  results.  As  a  overall  statement,  it  can  be  said,  that  the  minimum 

measurable grain size was 23 nm. This explains why the minimum grain size is 23 nm for 

all  samples.  The mean grain size with twins was always smaller than without twins,  a 

logical consequence of disregarding certain grain boundaries. 

Milling time 

90 minutes 270min, horizontal 
particle

270min, vertical particle

With twins Without 
twins

With twins Without 
twins

With twins Without 
twins

Average 0,303 µm 0,382 µm 0,251 µm 0,277 µm 0,243 µm 0,254 µm

Variance 1,935 8,648 0,106 0,135 0,062 0,075

σ 1,391 µm 2,941 µm 0,325 µm 0,367 µm 0,249 µm 0,274 µm

Min. value 0,023 µm 0,023 µm 0,023 µm 0,023 µm 0,023 µm 0,023 µm

Max. value 36,416 µm 46,178 µm 4,344 µm 4,565 µm 2,020 µm 3,115 µm

N 829 246 620 431 610 467
Table 3: The grain size statistic measured with EBSD for different milling times with and  

without twins. 

For a milling time of 90 min, the mean grain size with twins is 303 nm and without 382 nm 

with standard deviations of 1,391  µm and 2,941  µm indicating,  that the grains are not 

normal distributed. The largest measured grains had a diameter of 36,416 µm and 46,178 

µm. The minimal grain size was, as for all mappings 23 nm. The sample size was 829 

grains with, and 246 grains without twin boundaries, indicating, that a very large number 

of grains were twinned. Figure 80 is the histogram of the grain size distribution with twins. 

For the 270 min milled sample, two different regions were treated separately, since one 

was a horizontal orientated particle and the other on vertically orientated. In case of the 

horizontal particle, the mean grain diameter was 251 nm with twins and 277 nm without. 

Both values are smaller than the grains in the 90 min sample. The standard deviations were 
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very  small  with  325nm  and  367  nm,  indicating  that  the  grains  sizes  were  more 

homogeneous. The maximal found grain size was 4,344  µm respectively 4,565  µm. The 

sample  size  were  620  grains  with  twins  and  431  without.  The  difference  in  number 

between grains was much smaller than in the 90 min case. 

Fig. 80: The grain size distribution of 90 min cryomilled copper powder. Most grains are  

smaller than 1 µm with a very large population of grains smaller than 100 nm. Grains of  

several micrometers of diameter are also present.

The corresponding histogram is  figure 81.  The vertical  particle  of the 270 min milled 

copper had the smallest grains with a mean diameter of 243 nm respectively 254 nm. The 

standard deviation was even lower than in the horizontal particle with 249 nm and 274 nm. 

Maximum grain sizes were 2,020 µm and 3,115 µm. The distribution of the grain sizes can 

be seen in figure 82.

0,1 1 10
Grain diameter [µm]

0,1 1Grain diameter [µm]
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Fig. 81: The grain size distribution of a horizontal particle of 270 min cryomilled copper  

powder. The distribution became much finer with nearly all grains smaller than 1  µm. 

There are a lot grains of several tenth of nm, meaning their size is around the minimal  

detection range. Compared to figure 80, the distribution looks more uniform.

Fig. 82:  The grain size distribution of a vertical particle of 270 min cryomilled copper  

powder. The grain sizes are all very small with no grain larger than 2 µm and more than  

95% smaller than 1 µm. As for figure 81, there are a lot of grains with sizes around the  

minimal detection range of EBSD.

6.4.3. Twin boundaries
Twin boundaries and twin volume was determined using the coincidence site lattice (CSL) 

theory. The most important twin boundary is the σ3 boundary but others are also present. 

The percentage and type of the different CSL boundaries as a percentage of all present 

grain boundaries was plotted as a histogram for the samples. However, the percentage is 

biased due to the relatively high step size of 20 nm. The twin spacing observed in TEM 

was often smaller than 20 nm, so these twins could not be observed by means of EBSD. 

The  percentages  of  twin  boundaries  were  around  4,5%  for  the  90  min  sample.  The 

histogram figure 83 displays the distribution of the different CSL boundaries. In case of the 

270 min milled sample, the percentage of CSL boundaries was ca. 3 % for the horizontal 

particle and ca. 3,5 % for the vertical particle as represented in figure 84 and 85. 

0,1 1Grain diameter [µm]
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Fig. 83:  Histogram of the CSL boundaries of 90 min cryomilled copper. The dominating  

CSL boundary is σ3 . The total CSL boundary fraction of the sample is around 4,5%.

Fig. 84: Histogram of the CSL boundaries of a horizontal particle of 270 min cryomilled  

copper. The dominating CSL boundary is σ 3 with 2,2 % but also others are present such  

as  σ7 , σ9 , σ11 , σ17b , σ25b and σ39b The total CSL boundary fraction of the  
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sample  is  around  3  %.  The  higher  value  of  CSL boundaries  with  a  higher σ value 

compared to  the 90 min milled sample can be explained with the longer milling time,  

leading to repeated deformations of already present CSL boundaries.

The 270 min samples displayed CSL boundaries with higher σ  values, probably due to 

repeated milling of already present CSL boundaries, leading to recombinations, so higher 

boundaries.

Fig. 85:  Histogram of the CSL boundaries of a vertical particle of 270 min cryomilled  

copper. The dominating CSL boundary is σ3 with 2,7 % but also others are present such  

as σ7 , σ9 , σ11 , σ17b , σ25b and σ39b . They are similar to the CSK boundaries  

present in the horizontal particle. The total CSL boundary fraction of the sample is around  

3,5%. The higher value of  CSL boundaries with higher σ values can be explained by 

repeated  deformation  and  combination  of  already  present  CSL boundaries  due  to  the  

higher milling time.

6.5. Transmission electron microscopy (TEM)

Only the 270 min milled sample was observed in the TEM. It is also important to state, that 

the quality of the images only allow qualitative and not quantitative statements. Generally, 

two main types of regions could be observed. Regions with larger grains around 1 µm of 

diameter, represented in figure 86 - 88 and regions with much smaller grains ranging some 
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tenth of nanometres in diameter displayed in figures 89 and 90 similar to the fine-grained 

zones observed in EBSD. Latter  were difficult  to  observe,  since the grains were small 

enough to overlap each other. In both types of grains, twins could be observed. Different 

twin spacing and twinned grains could be observed. They can be classified in two groups. 

The first group consists of larger grains with several parallel twins inside. The observed 

grain sizes range between 100 nm and more than 1 µm. The twin spacing is around 20 nm, 

so very small. It was not possible to observe if the twins showed the for deformation twins 

typical  triangular  tips  due  to  the  image  quality.  The  second  group  are  single  twin 

boundaries, separating whole grains. These grains are usually larger, around 500 nm of 

diameter. In the very small grains, no twins could be observed. The observation of these 

grains was difficult, due to overlapping of grain boundaries. 

Fig. 86: Transmission electron microscope picture at of 270 minutes cryomilled copper at  

15000x.  The arrows indicate a twin boundary and a twinned grain (a)  a large grain,  

ranging several micrometers in diameter (b) and a region with very fine grains (c).

(a)

(b)

(c)
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Fig. 87: Higher magnification (40000x) of the twin boundary of figure 86. We see different  

twinned grains, one of the twin boundaries shows a step. The grains seem twinned but the  

twin thickness is with several hundred nanometres quite high. The darker grain, indicated  

with an arrow consists of several horizontal arranged, parallel twins.

Fig. 88: Transmission electron microscope picture of 270 minutes cryomilled copper. This  

part of the sample shows larger grains ( around 1 µm of diameter) and a strongly twinned  

grain which is indicated by a red arrow. The twin spacing is very small, around 20 nm.  

Another twinned grain could be the one marked with the green arrow.
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Fig.  89: Transmission  electron  microscope  picture  of  270  min  cryomilled  copper  at  

80000x. The visible grains are very small, their mean diameter is smaller than 100 nm.  

The whole picture seems really chaotic which is due to the small grain size and resulting  

overlapping of different grains, creating pseudo grain boundaries and other artefacts. 
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Fig.  90: Transmission  electron  microscope  picture  of  270  min  cryomilled  copper  at  

60000x. The grain sizes are quite small, around 100 nm. A strongly twinned pentagonal  

grain is indicated by the arrow. The twins seem bar shaped and at least 5 twin boundaries  

are inside the grain. The twin thickness is around 15 nm.

The diffraction pattern taken from small grained regions confirm the very small grain size. 

The spot size was 300 nm and (comp. figure 91) Debye-Scherrer rings are clearly visible, 

confirming that a large number of different orientated crystallites are present. This means, 

that the grains size in this areas must be much smaller than 300 nm. The rings are not fully 

developed,  the  different  spots  are  still  visible  but  it  is  clear,  that  more  than  a  few 

orientations are necessary to form this rings.
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Fig.  91:  The electron diffraction  pattern  of  the  270 min cryomilled  copper.  The focal  

distance was 130 cm and the spot size 300 nm. The pattern was taken from a region with  

very small grains (comp. figure 89). Debye-Scherrer rings are clearly visible, confirming  

the very small grain size. Some diffraction spots are visible as expected for this grain size,  

since  the  number  of  different  orientations  is  high,  but  does  not  cover  all  possible  

orientations.

6.6. Contamination problems

Some powder, milled for a long time showed a change in colour, morphology and different 

free-flow properties due to a malfunctioning of the mill. Instead of shining metal flakes of 

a copper colour, it was red-brown, not shining and tended to agglomerate. The problem 

was  studied.  The  changing  in  colour  come  from  chipped-off  steel  particles  from  the 
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impactor. After the milling, damage of the edges of the impactor was observed and the 

polycarbonate tube was heavily scratched. The reason for this chipping-off was found to be 

a damage in one of the end plugs. The inner surface was slightly deformed after a screw of 

the gate broke, this changed angle of impact of the impactor leading to the breaking of the 

edges and the contamination.  Figure 92 displays  two damaged impactors  and two end 

plugs. Arrows indicate the chipped-off edges. The damaged region of the damaged end 

plug is  encircled.  This deformed region was responsible for the contamination.  Only a 

slight difference in colour and brilliance is visible. 

Fig.  92: Image of  two damaged impactors  and two end plugs,  one  damaged.  Arrows  

indicate  chipped-off  edges  of  the  impactors.  The  encircled  region  was  deformed  and  

responsible for the contamination. 

In order to ensure, that this change of powder morphology was due to contamination, SEM 

pictures were taken and an EDX analysis was done.

As can be seen in figures 93 to 98, the powder changes strongly in the contaminated case.
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Fig.  93: SEM  pictures  of  the  pure  (a)  and  contaminated  (b)  copper  powder.  The  

magnification in both pictures is 35x. The particles in the contaminated case are smaller  

and show varying morphologies. The powders have both been cryomilled for 90 min.

Fig.  94: SEM  pictures  of  the  pure  (a)  and  contaminated  (b)  copper  powder.  The  

magnification in both pictures is 75x. The particles in the contaminated case are smaller  

and show varying morphologies. The powders have both been cryomilled for 90 min.

1 mm

400 µm

1 mm

400 µm
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Fig.  95: SEM  pictures  of  the  pure  (a)  and  contaminated  (b)  copper  powder.  The  

magnification is 200x for (a) and 300x for (b). The picture of the pure copper look like a  

close-up shot while the picture of the contaminated powder still looks like an overview.

Fig.  96: SEM  pictures  of  the  contaminated  powder.  The  magnification  is  35x.  Both  

powders were cryomilled for 135 min but are separate charges with different impactors.

1 mm 1 mm

100 µm150 µm
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Fig.  97: SEM  pictures  of  the  contaminated  powder.  The  magnification  is  75x.  Both  

powders were cryomilled for 135 min but are separate charges with different impactors.

Fig.  98: SEM  pictures  of  the  contaminated  powder.  The  magnification  is  300x.  Both  

powders were cryomilled for 135 min but are separate charges with different impactors.

The contaminated powder particles are much smaller than the pure copper particles and 

have a  different  shape.  It  is  also evident,  that there are  different  materials  present,  the 

powder is a mixture of different particles. Some copper flakes, equal to the flakes in pure 

non-contaminated  samples,  are  present.  Generally,  we  can  identify  different  types  of 

particles in the powder. There are the already named copper flakes, polycarbonate particles 

from the vial, larger spherical particles and very small particles. To analyse the elements 

present in the different particles, EDX spectra were done. The spectra were different from 

particle to particle, which made a quantitative analysis impossible but three types could be 

observed and ranges for the elemental contents can be given: Nearly pure copper particles, 

particles  with  copper  (comp.  figure  99),  iron  and  chromium  (comp.  figure  100)  and 

400 µm 400 µm

100 µm100 µm
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particles with a high carbon content (comp. figure 101). Some oxygen was always present, 

due to a certain amount of oxidized powder. 

A certain difference can also be observed between the 90 min milling and 135 min milling 

contaminated sample. In the 90min case, there seem to be more remaining copper flakes 

and  the  mean  particle  size  is  higher.  In  the  135min  milled  sample  we  observe  more 

spherical or elliptical particles. The EDX-spectra from the 135 min milled powder did not 

differ much from the 90 min milled powder, but the elements seem to be dispersed more 

homogeneously.

Fig. 99: EDX spectrum of 90 min milled, non-contaminated copper powder. The analysed  

particle consists of copper with a low amount of oxygen.
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Fig. 100: EDX spectrum of 90 min milled,  contaminated copper powder. The analysed  

particle consists out of copper, iron, chromium and a low amount of oxygen. The iron and  

chromium are contaminations from chipped-off parts of the 440C steel impactor.

Fig. 101: EDX spectrum of 90 min milled,  contaminated copper powder. The analysed  

particle consists out of carbon, copper, iron, chromium and a low amount of oxygen. The  

carbon is a contamination due to chipping of polycarbonate by the broken impactor. The  

iron and chromium are contaminations from chipped-off parts of the 440C steel impactor.

The ranges  of  the  quantitative  analysis  summarized  in  table  4.  Please  remark  that  the 

carbon content is often overstated.
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Element Weight percentage

Milling time

90 min 135 min

Min. Max. Min. Max

Copper 13,96 95,39 16,33 88,34

Carbon 14,36 65,81 11,16 68,5

Iron 0 18,93 0,33 10,77

Chromium 0 3,68 0 2,6
Table 4: The elements present in the contaminated samples and their weight percentage  

ranges. It is important to state, that the EDX measurement overstates the carbon content  

and that this is not the overall contamination but the elemental compositions of a certain  

number of particles.
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7. Discussion

7.1. Hardness

The measured hardness is clearly higher than hardnesses in normal, coarse grained copper. 

Also, the significant increase of hardness with milling time is in accordance with literature. 

The high hardnesses are typical for ultrafine grained and nanostructured materials. But 

still, the hardnesses are lower than literature values for the same grain sizes. This effect is 

explained by the bimodal distribution of the grains. As could be seen in TEM and EBSD, 

there are nanotwinned grains, nanosized grains and grains in the micrometer range. Latter 

are more easily deformed due to a lower defect density and lower the overall hardness. 

This  explains  also  the  observed  regions  with  a  hardness  around  220  HV,  explainable 

through  the  absence  of  these  large  grains  in  the  indented  region.  In  this  case,  only 

nanotwinned grains and nanosized grains are in the indented region and a hardness of 220 

HV corresponds with literature values of nanostructured copper. [34]

7.2. Microstructural evolution

The microstructural evolution is hard to discuss due to the relatively low numbers of direct 

images of the microstructure. What can be said, is, that the microstructure is obviously 

refining, but in a not homogeneous way. The average grain size decreases between 90 min 

cryomilling and 270 min cryomilling. The very large grains, still present after 90 min of 

milling  have  disappeared  after  270  min.  Different  substructures  are  developing:  the 

micrometer  sized  grains,  twinned  grains  and  nanosized  grains.  The  normal  process  of 

severe  plastic  deformation  is  taking  place,  but  does  not  seem to  be  the  only  process 

present. A possible explanation for the larger grains is the high strain rate. Even if most of 

the  powder  is  at  liquid  nitrogen temperature,  the  very high deformation  could  lead  to 

localized heat spots. These heat spots would induce grain growth for a short amount of 

time  until  the  heat  has  dissipated  leading  to  the  observed  bimodal  structure.  Another 

possible explanation is, that at 270 min of milling time, the materials has not reached a 

steady state and is still refining. In this case, the large grains present would decompose into 
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nanosized grains. The large number of subgrain boundaries can be an indication for this. 

They could, however, just be present due to the highly cold deformed state of the copper.

7.3. Twins

It  is obvious that the milling process lead to twinning of the copper.  Both single twin 

boundaries as well as ultrafine or nanosized grains with several twins inside were observed 

with TEM. EBSD mapping only showed some twin boundaries, but did not give the exact 

structure of the grains, the lamellar structure was not observed. The observed twin size in 

TEM is often lower than 20 nm. This means, that the twin fraction, calculated with EBSD 

must be underestimated, since it is impossible to observe all twin boundaries. The step size 

in EBSD was 20 nm. It is not known, why some twins are forming single grain boundaries 

and why others appear in form of multiple, lamellar twins. These deformation twinned 

grains are similar to the growth twins observed in [1] and [26]. 

7.4. TEM and EBSD

Transmission electron microscopy as well as electron backscatter diffraction were used to 

characterize  the  copper  microstructure.  Both  methods  have  its  advantages  and 

inconveniences. The main advantage of EBSD is the simple sample preparation and easy 

handling of the measurements. In this work however, EBSD was not easily applicable. The 

main  weakness  of  EBSD  is  its  relatively  low  magnification.  The  maximum  spatial 

resolution is  around 10 nm. As could be seen,  the interesting structures  of the copper 

powder, the twins, were of this size, so EBSD was not suited to characterize them. TEM on 

the other hand, has the magnification to allow not only a qualitative observation of the 

twins but even a quantitative analysis of grain sizes and twin spacings. The difficulty is the 

preparation of good enough samples and the handling of the microscope. Concluding we 

can say, that TEM is much more suited for the observation of the nanotwinned copper than 

EBSD but requires more experience to carry out.
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8. Conclusion
It has been observed, that the copper powder, produced by high-velocity cryomilling, had a 

heterogeneous microstructure. It contains nanosized grains as well as large micrometric 

grains. Some grains showed a high density of nanotwin lamellae. We can say, that there is a 

non-complete change in the deformation mechanisms of copper at low temperature and 

high strain rates. The reasons for the formation of this microstructure could not be clarified 

but  could  be  due  to  limitations  of  experimental  equipment  or  lack  of  milling  time. 

However, these both possible explanations are hypothesizes. EBSD and TEM were used to 

analyse the microstructure but it became clear, that TEM is much more suited for analysis 

of nanotwins due to the higher possible magnifications. The maximum step size of EBSD 

was not small enough for clarifying details.. The powder formed small flakes of different 

sizes. With increasing milling time, the flakes size increased up to a point were it started to 

decrease again. The mean grain size was around 300 nm, determined with EBSD. The 

mean  twin  spacing  was  around  15  nm.  This  means  it  was  possible  to  reproduce  the 

ultrafine grains with nanosized twins, reported by  [1] with a severe plastic deformation 

process, respectively cryomilling. 
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9. Perspectives
In order to continue with the subject, there are several roads that can be followed. First, the 

milling process still can be optimized in order the increase the fraction of twinned grains. 

In TEM, ultrafine grained grains with nanosized twins were observed. A perspective is now 

to increase the fraction of these grains or to try to modify the twin spacing. Possible ways 

are to experiment with different milling rates or work with different milling rates in one 

milling  process,  e.g.  start  with  a  high  rate  and  decrease  it  with  the  time.  Also  heat 

treatments offer some possibilities. The exact process of deformation twinning in copper at 

very  high  strain  rates  can  also  be  studied.  To  further  characterize  the  process,  more 

transmission electron microscope samples should be prepared, since this process seems to 

be best suited for a direct microstructural characterization. It would allow a much more 

precise  analyse  of  grain  sizes  than  EBSD.  Also  the  electric  properties  should  be 

characterized. The compaction of the produced copper powder should also be studied. For 

tensile test or applications, it is important to produce a bulk material out of the powder. The 

different  types  of  possible  compaction  processes  are  e.g.  hot  pressing,  spark  plasma 

sintering and self compaction due to room temperature milling. For compaction methods 

involving heating, the thermal stability of the nanotwins should be determined.
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10. Environmental impact:
The environmental  impact  of  this  work concerns  mostly the climate warming.  From a 

toxological point of view, this work is not important. Copper powder itself is not toxic or 

explosive. The powder particles were not nanosized with its corresponding dangers. Liquid 

nitrogen is just cold and not toxic. The only toxic matters used were the uncured epoxy 

resin and small amounts of methanol, ethanol and acetone for cleaning. All together after 

curing, the epoxy was not dangerous. So all together, the toxicological impact is negligible. 

The energetic consumption is another piece of cake. Producing liquid nitrogen is a very 

energy-consuming  process  and  large  amounts  (around  60  l  per  milling  process)  were 

needed.  Also  the  mill  itself  has  long  running  times  and  needs  electricity.  The  milling 

process itself is very ineffective (< 1%), most input energy is dissipated in form of heat that 

boils the liquid nitrogen instead of deforming the material. However, plastic deformation of 

metals is always very ineffective, so other deformation processes are not better. There is 

however the question how much of the heating is done by deforming the material and how 

much by stopping the impactor movement and cooling the coils. This question is hard to 

answer without complex experiments to determine the energy production of the mill. If this 

value is high, a more effective mill could be used. 

Resuming we can say, that the environmental impact of this work is small and consists 

mostly  of  a  high  energy  consumption,  so  the  total  environmental  impact  is  mostly 

determined by the production of electricity in the region of Barcelona. A high percentage 

of renewable energies lowers the environmental impact of this work drastically while fossil 

or nuclear energy production increase the impact.



11. Economical analysis 124

11. Economical analysis
The following table 5 shows an approximated overview of the expenses of this work. 

Matter of expense Costs

5 Polycarbonate vials 5 * 80 € = 400€

1010 l liquid nitrogen 1010 l * 1 €/l = 1010 €

1,5 m³ argon  1,5 m³ * 10 €/m³ = 15 €

Grinding  paper/  diamond  suspension/ 
colloidal silica, embedding etc.

150 €

5 stainless steel impactors 5 * 100 € = 500 €

Scanning electron microscopy 5 h * 20 €/h = 100 €

Electron backscatter diffraction 60 h * 20 €/h = 1200 €

Transmission electron microscopy + sample 
preparation

300 €

500 working hours (nominal) 500 * 15 €/h = 7500 (nominal)

Sum (without working hours) 3650 €

Sum (with nominal working hours 11175 €
Table 5: Overview of the expenses of this work.
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