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ABSTRACT 

The methods of manufacturing bulk nanostructured 
metals (BNMs) by means of SPD are concerned. The 
principle and merits of the two most promising methods are 
outlined out. New results of properties of SPD-processed 
BNMs are elucidated, especially in view of commercial 
applications. The benefits of stronger metals and alloys 
mainly for automotive industry, higher fatigue resistance of 
materials for aerospace industry, improved hydrogen 
storage kinetics in Mg-alloys for fuel cell technology, 
improved magnets for electronic industry, stronger 
biocompatible Ti- and Mg-alloys for prostheses, implants 
and stents are also pointed out. 

Furthermore, a model based on lattice defect kinetics is 
presented. It provides quantitatively reliable results for the 
hardening behavior and microstructural evolution during 
SPD and post-SPD deformation.  

Keywords: SPD, bulk nanostructured materials, mechanical 
properties and modeling, hydrogen storage  

1    INTRODUCTION 

 Manufacturing of BNMs, i.e. bulk metals with a mean 
grain size of some hundreds of nm and resulting in 
advanced physical properties, requires very large plastic 
deformations at relatively low temperatures. Traditional 
methods, such as rolling, forging, drawing or extrusion 
cannot meet these requirements without crack formation. 
First attempts to produce BNMs followed a variety of 
methods like (i) inert gas condensation, (ii) high-energy ball 
milling with subsequent consolidation, (iii) electro-
deposition, and (iv) crystallization from an amorphous 
state. However, these so-called bottom-up methods cannot 
accomplish sample dimensions of more than several mm. 
Moreover, a number of difficulties i.e. residual porosity (i), 
impurities (ii, iii), and exposure to dangerous nanopowders 
(ii), have prevented these techniques from reaching larger 
practical applications, in addition to the fact that they are 
not suited for fabrication on an industrial scale. 
 In recent years, however, as a versatile alternative a top-
down method called Severe Plastic Deformation (SPD) has 
gained importance because of the direct conversion of bulk

metals and alloys with conventional grain sizes to nano-
scaled materials with outstanding new properties [1]. 

2    METHODS  FOR  BNMs  BY  SPD 

2.1 General principle 

 Nano-scaling by SPD is considered to be the result of 
very high plastic deformation at low temperatures carried 
out under special conditions with the aim of microstructure 
refinement. That means the formation of an extensive 
dislocation cell network with small angle boundaries, 
developing to a microstructure with mainly high angle

grain boundaries within the whole volume. The direct 
refinement of conventional grain size into nano-scaled bulk 
materials demands appropriate conditions: essential for 
SPD are mainly the multidirectionality of deformation, the 
enhanced hydrostatic pressure and the preservation of the 
original shape of samples [2]. 
 During the last decade many special methods of 
deformation by mechanical means have been developed and 
tested. Although all of the techniques can lead to the BNMs 
of pure metals, alloys, steels and intermetallics, some 
technological difficulties have so far hampered up-scaling 
and technical utilization. For the moment, the two most 
well-known and promising SPD methods are considered to 
be the Equal Channel Angular Pressing (ECAP) and the 
High Pressure Torsion (HPT). 

2.2 Equal Channel Angular Pressing (ECAP) 

 During ECAP a billet of at least 70 mm in length and a 
cross section diameter of up to 60 mm is multiple pressed 
through a special die with two equal channels (Fig. 1a). The 
deformation occurs via pure shear without changing the 
cross section area of the ingot. That fact enables 
accumulative deformation up to very high strains by 
repeated pressing. The angle of intersection of the two 
channels Φ is usually 90° but higher values, e.g. 120°, can 
be chosen to reduce the load or, together with elevated 
temperature and/or back-pressure, to engineer the structure. 
Between passes the billet can be rotated around its 
longitudinal axis through the angle of 0° (route A), 90°
(route B) or 180° (route C) which, together with the number 
of passes, strongly determines the final microstructure (for 
additional information see [1] and [3]). 
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2.3 High Pressure Torsion (HPT)

 The HPT-method, shown schematically in Fig. 1b and 
described in detail in [1] and [3], is suited for disks of 10-20 
mm in diameter and up to 1 mm in thickness. A sample is 
strained in torsion at room temperature – or at any other 
temperature in the range from -200 to 500°C – many times 
between plungers on which an outer pressure is applied. 
The latter is of highest importance because it ensures the 
material to be deformed under an enhanced hydrostatic 
pressure of several GPa. These conditions enable to process 
hard-to-deform or brittle materials up to very large strains 
without failure or cracks. High friction forces between the 
rough dies and the ingot ensure deformation by shear

during rotation of the plunger. Provided that the number of 
rotations applied is high enough, an almost homogeneous 
nanostructure can be achieved. 

(a) (b) 
Figure 1: Sketch of SPD techniques: (a) ECAP, (b) HPT 

2.4 Further SPD methods

 SPD techniques with more industrial potential are 
shown in Fig. 2. Accumulative Roll-Bonding (ARB) (Fig. 
2a, [4]) will enable the production of BNM sheets. Cyclic 
Extrusion-Compression (CEC) (Fig. 2b, [5]) and Twist 
Extrusion (TE) (Fig. 2c [6]) are suitable for manufacturing 
rods. Other SPD techniques are e.g. shock wave loading, 

multiple forging (see e.g. [1] and [3]) or a commercial 
version of ECAP, the Continuous Confined Strip Shearing 
(CCSS, Fig. 2d, [7]). Undoubtedly a lot of work still needs 
to be done to finally develop these methods by improving 
efficiency and overcoming some technical drawbacks so 
that a mature SPD technology is made available for 
industry. 

3    ADVANTAGES  OF  SPD - BNMs 

3.1 New properties of BNMs 

 As a result of the fairly unusual microstructure of 
BNMs new outstanding physical and mechanical properties 
occur. Some of them like changes in the Curie and Debye 
temperatures, atomic disordering, anomalies in the internal 
friction and optical properties of semiconductors or even 
elastic moduli are fundamental physical phenomena and 
surely of high scientific interest. Others possess the 
potential for practical applications as well. Let us just 
mention: saturation magnetization and magnetic hysteresis, 
enhanced kinetics of diffusion, improved corrosion 
behavior, low temperature and/or high strain rate 
superplasticity, enhanced high-cycle fatigue life time, 
formation of a supersaturated solution and metastable states 
in high carbon steels and – last but probably most important 
– enhanced strength at still high ductility. Plastic 
deformation induced by conventional methods can 
significantly increase strength. This increase, however, is 
accompanied by a loss of ductility. So it is possible to 
obtain e.g. high strength Cu, but only with significantly 
reduced ductility (see the Cu line in Fig. 3. It has been 
reported that pure Cu after 16 ECAP passes reveals even 
higher strength with much higher ductility in comparison to 
coarse-grained metals [8]. Also in pure Ti after 5 HPT 
revolutions a very strong increase in strength together with 
an only slight decrease of ductility was observed. This 
extraordinary mechanical behavior is now called paradoxon 
for SPD materials.

(a) (b) 

(c) (d) 
Figure 2: Diagram another SPD techniques: (a) ARB, 

(b) CEC, (c) TE, (d) CCSS. 
Figure 3: High strength and ductility of SPD pure Cu and Ti 

compared with conventional coarse-grained metals [8]. 

NSTI-Nanotech 2005, www.nsti.org, ISBN 0-9767985-1-4 	Vol. 2, 2005 643



3.2 Applications of SPD produced Nanometals 

 The spectacular mechanical properties recommend SPD 
materials for the automotive and aerospace industry, as 
tools for metals machining, and for advanced sputtering 
targets. NanoSPD Fe-alloys can be part of highly effective 
magnets for computer hardware, video heads, generators, 
electric motors, transformers, mechatronic systems, MEMS 
etc. Many branches of the industry can benefit from SPD-
processed NMs. Stronger Fe-, Al- and Mg-alloys permit 
weight saving and therefore less fuel consumption for cars 
and aircrafts. The high superplastic formability of SPD 
materials will speed up the production processes of deep-
drawn products (bottles, vessels) from Al- and Mg-alloys 
by at least a factor of 10 and thus cut costs for machining. 
Aerospace industry will demand light nano-SPD materials 
with higher fatigue resistance than conventional ones. BNM 
out of CP- Ti as well as high-strength and flexible Ti-alloys 
will have a great impact on medical applications. The use of 
pure but nevertheless strong SPD-Ti is promising due to its 
enhanced biocompatibility compared to that of traditionally 
used medical alloys. The application of prostheses, implants 
and stents made of long-life BNMs will be essential to 
reduce the need for intermediate reoperations [9]. 
 An example of applied ECAP is the forcefill technique 
used in the field of micro-electro-mechanical-systems for 
metallization and interconnection of conductors on different 
layers [10]. As shown in Fig. 4, metal from blanket film is 
forced by pressure into via holes which act as small equal 
channels (compare Fig 1a). By this way connections 
between integrated circuits not only can be achieved 
cheaply but also reveal improved mechanical and magnetic 
properties. 
 In developing alternatives for automotive fuels, 
hydrogen in combination with a fuel cell is considered to be 
the most promising solution. The crucial problem, however, 
is to achieve a safe and low-cost hydrogen storage 
technology. Since both liquid and high pressure hydrogen 
storage requires serious security precautions, the acceptance 
by customers may be restricted. Mg-alloys can solve this 
problem by providing hydrogen storage in the solid Mg-
MgH2 system. However, the main difficulties still are (i) the 
low ab-/desorption kinetics and (ii) the high desorption 
temperature. Nanocrystalline pure Mg with very high 
density of grain boundaries and thus enhanced diffusion of 
hydrogen (and formation of MgH2) can significantly 
accelerate the ab-/desorption kinetics. As shown in Fig. 5, 

in nano-Mg the hydride develops within only a few 
minutes. This kinetics can be further enhanced by catalysts. 
Although the presented results were achieved with powders 
from ball milling [11], first tests on ECAP Mg show a 
similar behavior [12].

Figure 5: Kinetics of hydrogen absorption at 300°C and 8 
bar for nano-Mg compared with conventional coarse-

grained pure Mg [11]. 

4   MODELING AND SIMULATION OF SPD 

AND POST-SPD DEFORMATION 

 From a scientific point of view as well as for an 
optimized technical performance a deep understanding of 
the structural mechanisms during formation of the nano-
structure by SPD is of great importance. On the other hand, 
efforts must be made to describe quantitatively the 
mechanical properties of the as-produced BNM. This 
means that one has to carefully distinguish between "in-
situ" and "post SPD" modeling. In the recent literature the 
model by Zehetbauer et al. was shown to be capable of 
both, simulation of strengthening in BNMs during SPD [2] 
and simulation after processing [13]. The model is based on 
lattice defect kinetics and deals with five fitting parameters 
which contain basic physical properties. One of the big 
successes of the model is the proper simulation of the 
influence of the hydrostatic pressure p being present during 
processing [2]. It is shown that with increasing p the 
diffusion and thus the annihilation of edge dislocations is 
increasingly restricted so that an enhanced dislocation 
density is available providing more grain boundaries and/or 
smaller grain sizes. Concerning the simulation of the 
hardening of a BSM after SPD, it has been recently shown 
that the model can also correctly describe this behavior, as 
well as the evolution of the microstructure, when passing 
through the three post-SPD deformation stages II, III and 
IV. Fig. 6 clearly demonstrates the good agreement of the 
simulation by Zehetbauer’s model with the experimental 
hardening data of ECAP-predeformed CP-titanium [13]. 
The evolution of certain microstructural parameters like the 
dislocation density and, in particular, that of the 
deformation induced vacancy concentration is reflected in 
quantitative agreement with the measurements (Fig. 7). Figure 4: ECAP as being applied to forcefills [10] 
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Moreover, the model accurately predicts the evolution of 
the cell size within the given limits of experimental 
evaluation (Fig. 8, [13]). 
 At present, efforts are made to quantify the enhanced 
ductility of SPD metals which, according to hitherto 
performed experiments, arises from structural recovery 
taking place between subsequent ECAP passes and/or even 
during the SPD process itself. 

 Recently, the first attempts to simulate the ECAP-
process by neuronal networks have been made showing, 
however, that a large amount of data for training runs is 
necessary for the simulation to be successful. 

5   SUMMARY  AND  OUTLOOK 

 It was shown that today's SPD techniques are able to 
produce full-dense bulk materials with enhanced strength 
(1), but highly ductile or even superplastic properties (2), 
with high fracture toughness (3), high fatigue life (4), and 
enhanced hydrogen diffusion (5). Some SPD nanomaterials 
exhibit highly advanced magnetic properties (6). Such 
outstanding properties suggest a number of applications in 
the automotive and aerospace industries (1, 4, 5), in final 
forming and shaping (2, 3), in medical fields (1, 3, 4), and 
as highly effective bulk magnets (6). At present, several 
attempts to combine the basic SPD techniques with new 
ones in order to fulfill the conditions of a low-cost and fast-
manufacturing method (e.g. continuous operation).  
 The physics of the SPD-process can be understood by 
the constitutive model of Zehetbauer [2,13], which involves 
concrete physical parameters – such as dislocation density, 
vacancy concentration, grain size etc. – and is thus suitable 
for simulation of the grain refinement during and after SPD. 
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Figure 6: Experimental data of hardeing during post-
deformation of nanoSPD CP-Ti after 8 ECAP passes 
compared with the prediction by Zehetbauer's model. 

Figure 7: Comparison between the deformation induced 
vacancy concentration determined by residual electrical 

resistivity and the simulation by Zehetbauer’s model. 

Figure 8: Grain size as function of SPD-post deformation 
estimated by TEM and simulated by Zehetbauer's model. 
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