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Abstract

This chapter focuses on multifunctional properties of ultrafine-grained (UFG) metallic 
materials processed by severe plastic deformation (SPD), such as enhanced mechanical 
properties, excellent superplasticity, and wear resistance. Based on these multifunctional 
properties, the potential innovative application for UFG materials processed by SPD is 
introduced in the next section, including innovative application in micro-forming, nano-
implants, electro-connections, and sport engineering.
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1. Introduction

Materials experts have asserted that materials breakthroughs in the twentieth century 
required about 20 years from the time of invention to gain widespread market acceptance 
[1]. Ultrafine-grained (UFG) materials are used as a structural material due to these proper-
ties. Bulk nanostructured metallic materials also have been following this track. Twenty-five 
years ago, in 1988, there appeared a classic description of the application of severe plastic 
deformation (SPD) to bulk solids in order to achieve exceptional grain refinement to the sub-
micrometer level [2]. Though a wide research started at the beginning of 1990, a great prog-
ress in commercial applications of UFG materials has been made just in the last few years. 
This chapter focused on multifunctional properties of ultrafine-grained metallic materials, 
 including mechanical properties, superplasticity, wear resistance, etc. The innovative appli-
cation of UFG materials was introduced in the following section, including in micro-forming 
and other commercial industries.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



2. Multifunctional properties of ultrafine-grained materials

2.1. Enhanced mechanical properties

The grain size, d, plays a dominant role on the strength of polycrystalline metallic materials 
according to the Hall-Petch equation which states that the yield stress, σ

y
, is given by [3, 4]

   σ  
y
   =  σ  0   + k  d   −1/2   (1)

where σ0 is the friction stress and k is the Hall-Petch constant [1]. It follows from Eq. (1) that 
the strength increases with a decrease of grain size, and this leads to an ever-increasing inter-
est in producing UFG materials with grain size of submicrometer or even nanometer level, 
which are processed by severe plastic deformation (SPD) techniques, including equal-channel 
angular pressing (ECAP) and high-pressure torsion (HPT). This means that UFG materials 
are anticipated to exhibit exceptional strength according to the Hall-Petch equation in Eq. (1).

For example, Figure 1 shows the average Vickers microhardness values which were taken 
over the total surface of each disk for the AZ31 magnesium alloy processed by ECAP for up 

Figure 1. Distribution of microhardness of AZ31 processed by ECAP through (a) one pass, (b) two passes, (c) four passes, 
and (d) eight passes [5].
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to eight passes [5]. The results demonstrate that the average value of the microhardness, Hv, 
increases significantly after one pass and continues to increase slowly up to eight passes. It is 
apparent in Figure 1 that the samples processed by ECAP through one and two passes exhibit 
a higher average microhardness over the entire surface than the as-received sample as shown 
in Figure 1(a) and (b). After four passes of ECAP, the sample achieves a reasonable level of 
homogeneity over the plane as shown in Figure 1(c), and finally there is additional hardening 
and a general homogeneity after ECAP for eight passes in Figure 1(d). These microhardness 
results demonstrate that the strength can be enhanced significantly by ECAP processing.

By comparison with the sample processed by ECAP, Figure 2 shows the evolution in micro-
hardness over one-quarter of the disk for the same AZ31 alloy processed by HPT through (a) 
1/4, (b) 1, (c) 5, and (d) 10 turns [6]. There is a gradual evolution toward higher microhardness 
values with increasing numbers of turns after HPT processing. There is a reasonable level 
of hardness homogeneity which is achieved across the HPT disks through ten turns with a 
saturation hardness value of Hv ≈ 125 as shown in Figure 2 [6]. This gradual development of 
hardness homogeneity is consistent with several experimental reports for magnesium alloys 
processed by HPT [7–10]. There are many other papers reporting the enhanced strength of 
UFG materials processed by SPD methods [11–15].

Figure 2. The variation of microhardness over one-quarter area of the disks processed by HPT through (a) 1/4, (b) 1, (c) 
5, and (d) 10 turns[6].
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Figure 3. The extraordinary combination of high strength and high ductility in metals processed by SPD [20].

High ductility in metallic materials is another very important property, which is essential for 
metal-forming operations as well as to avoid catastrophic failure in load-bearing applications 
during their service life. However, most of the UFG materials processed by SPD demonstrate 
significantly higher strength than the coarse-grained (CG) counterparts but have a relatively 
low ductility. Various strategies to improve low ductility of the UFG materials have been 
proposed, which can be divided into two groups of “mechanical” strategies and “microstruc-
tural” strategies [16, 17]. For example, there are different finds of strength and ductility in 
high-purity Cu with initial coarse grains, cold rolling (CR) with reduction ratio of 60%, and 
after ECAP processing up to 16 passes. The results for the ECAP-processed Cu demonstrate 
an enhanced strength with good ductility similar to the CG sample [12]. As shown in Figure 3, 
for Cu and Al, CR (the reduction in thickness is marked by each datum point) increases the 
yield strength but decreases the elongation to failure [18, 19]. The extraordinary combination 
of high strength and high ductility shown in Figure 3 for the nanostructured Cu and Ti after 
SPD processing clearly sets them apart from the other CG metals [20].

2.2. Excellent superplasticity

Superplasticity is a well-recognized mechanical property in polycrystalline metallic materi-
als that have the ability to pull out to a very high elongation without any significant necking 
in tension. The superplastic flow mechanism is dominated by the process of grain bound-
ary sliding (GBS) in which the small grains slide over each other in response to the applied 
stress [21]. The GBS needs intragranular slip as an accommodation mechanism, and this slip 
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is held up at subgrain boundaries in CG materials. Accordingly, the UFG materials processed 
by SPD have an opportunity to achieving good superplasticity due to submicrometer grain 
size with high fraction of high-angle boundaries [22–32].

For example, there is no superplasticity after cold rolling (CR) because of the presence of 
low-angle sub-boundaries. By comparison, the presence of UFG structures can lead to excep-
tional superplasticity at elevated temperatures. An excellent superplasticity in an UFG Al-3% 
Mg-0.2% Sc alloy after processing by ECAP through eight passes was found, and the maxi-
mum elongation of 2280% can be obtained after tension tests at strain rate of 3.3 × 10−2 s−1 and 
the temperature of 673 K [33]. The highest elongation of 3030% was recorded after tension at 
a strain rate of 1.0 × 10−4 s−1 and the temperature of 473 K in a ZK60 Mg-5.5% Zn-0.5% Zr alloy 
processed by extrusion and ECAP as shown in Figure 4 [34]. This is the highest elongation in 
a Mg alloy processed under any condition and one of the highest elongations recorded in any 
materials processed by ECAP [35]. In addition, the absence of any visible necking within the 
gauge length in Figure 4 demonstrates conclusively that this is a true superplastic flow [36].

Processing by HPT can also produce UFG materials that have a potential for achieving super-
plastic elongation in tension. An example is shown in Figure 5 for the superplasticity in 

Figure 4. Exceptional superplasticity in a ZK60 alloy processed by ECAP [34].

Figure 5. Superplasticity in the Zn-22% Al alloy after processing by HPT [37].
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 tension at 473 K using different strain rates in a Zn (22%)-Al alloy processed by HPT through 
five turns at room temperature under an applied pressure of 6.0 GPa [37]. It is evident from 
Figure 5 that very high elongations may be achieved at strain rates in the vicinity of 10−1 s−1, 

whereas there is a clear evidence for necking in the two samples pulled at the slowest strain 
rates. A tabulation of superplastic data for samples prepared by HPT shows that the elonga-
tion of 1800% visible in Figure 5 is the highest elongation reported to date for any material 
processed by HPT [37]. However, the highest elongation in the same UFG Zn-22% Al alloy 
processed by ECAP occurs at 10−2 s−1 [38]. High strain rate superplasticity can be achieved by 
using ECAP or HPT. Compared with the sample processed by ECAP, the optimum super-
plasticity for the sample processed by HPT correctly occurs at faster strain rate, but maxi-
mum elongation is reduced. The elongation is reduced because HPT samples have very small 
gauge sections.

In the recent report, there is an instructive comparison of the superplasticity in various mate-
rials processed by ECAP and HPT with other processing techniques as shown in Figure 6  

[39], where the superimposed on each diagram are the appropriate ranges for UFG Al alloy 
processed by ECAP and HPT indicated by the dashed ovals fill in the diagrams first devel-
oped 20 years ago [40]. It is readily apparent from Figure 6 that both the ECAP and HPT pro-
cessing methods extend the plastic forming rate of the given materials with faster strain rates 
and higher elongation. The expanded ranges generally overlap with the ranges associated 
with powder metallurgy (PM) materials. This expansion in the range of strain rate reveals 
an important advantage for the SPD processing without any contamination and/or porosity 

Figure 6. A plot of elongation versus strain rate for a series of Al alloys produced using different processing methods [39].
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in using PM methods. Thus, processing of SPD techniques demonstrates a very important 
approach for extending the future applications of numerous simple metals and alloys [39].

2.3. Wear resistance

Wear resistance is an important property for UFG materials in order to evaluate their potential 
for use as structural components [41]. The wear of sliding surfaces can occur by one or more 
wear mechanisms, including adhesion, abrasion, fatigue wear, corrosive wear, and fretting. 
For the metallic materials, the wear volume under abrasive and some adhesive wear models 
is generally assumed to be inversely proportional to the hardness of the materials according 
to the traditional Archard relationship which is given by [42]

  V = K   LN ___ 
H

    (2)

where V is the wear loss of the volume, N is the applied force, L is the sliding distance, K is 

the wear coefficient, and H is the hardness on wear surface of the material. Because the UFG 
materials processed by SPD techniques normally have much higher hardness values than the 
conventional CG materials, it is critical to have superior wear resistance for UFG materials. 
However, there has been a disagreement in this regard among researchers [41].

There are a number of studies reporting an improved wear resistance in UFG materials pro-
duced by ECAP and HPT. For example, the dry sliding wear tests of an aluminum alloy 
processed by ECAP method showed that the wear mass loss decreased significantly with 
increasing of the numbers of ECAP passes [43]. A similar enhanced wear resistance property 
was also presented in an Al-Mg-Si alloy processed by ECAP [44]. An investigation of friction 
and wear behavior revealed that grain size was the important factor determining the transi-
tion from elasto-hydrodynamic lubrication to the boundary lubrication regions [45, 46]. An 
investigation of the aluminum bronze alloy processed by ECAP demonstrated that the coeffi-
cient of friction decreased with increasing numbers of ECAP passes and accordingly the wear 
resistance was improved significantly after ECAP processing [47, 48]. Similarly, a character-
ization of the dry sliding wear behaviors of Cu-0.1 wt.% Zr alloy and AZ31 alloy processed 
by ECAP was investigated [49, 50], and the wear volume loss of the samples processed by 
ECAP becomes much lower than the annealed alloy as shown in Figure 7 due to the higher 
microhardness introduced by ECAP processing [49]. Processing by ECAP can produce bulk 
materials with significantly enhanced mechanical properties due to the grain refinement, and 
therefore the wear loss of the ECAP-processed alloy is much smaller than for the annealed 
alloy. Some papers are now available on the wear behavior of commercial purity Ti processed 
by HPT method. Compared with the CG pure Ti, the wear resistance of pure Ti processed by 
HPT was improved significantly both in dry and wet sliding tests [51, 52].

On the other hand, there are also some other contradictory results on wear property in UFG 
materials. For example, the wear resistance of some UFG materials processed by ECAP was 
lower than for the as-received CG materials [53]. For example, the dry sliding wear tests of 
an Al-1050 alloy were conducted with the as-received condition and UFG materials with 
grain size of ~1.3 μm after ECAP processing through eight passes [54]. The UFG samples  
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have a similar coefficient of friction (COF) and the higher wear loss than the as-received 
sample although the microhardness value is improved significantly after ECAP processing.  
An investigation of UFG AISI 1024 steel processed by a warm multiaxial forging tech-
nique showed that there is no obvious improvement on wear resistance property though 
the strength property can be enhanced significantly due to the effects of higher density of 
grain boundaries and submicrometer-sized cementite particles [55]. There is a surprising 
result that there is no corresponding improvement in the wear resistance in pure titanium 
processed due to the occurrence of oxidative wear with an abrasive effect [56]. As a conse-
quence of these varying reports, it is readily apparent that further investigations should be 
further conducted in order to evaluate the wear behavior of UFG materials processed by 
SPD techniques.

3. Innovative application of ultrafine-grained materials

It is well established that SPD techniques are very effective in producing UFG materials with 
submicrometer or even nanoscale grain sizes, and these materials have superior mechani-
cal properties including high strength and, if the fine grains are reasonably stable, a good 
superplastic capability at elevated temperatures [57, 58]. Despite a wide research on SPD tech-
niques started at the beginning of 1990, very significant progress in the commercialization of 
UFG materials has been made in the recent years. In this section, the innovative application of 
UFG metallic materials processed by SPD is discussed.

Figure 7. The wear volume loss versus the number of ECAP passes for a sliding time of 600 s under normal loads of 1, 
5, 10, and 15 N.
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3.1. Potential application in micro-forming technology

Micro-forming is defined as the production of parts or structures having at least two dimen-
sions in the submillimeter range, which becomes an attractive option in the manufacturing 
of these products because of its advantages for mass production with controlled forming 
quality, high production rate, and low cost [59–61]. Nevertheless, although the knowledge of 
tool design and fabrication techniques are now well developed for the conventional macro-
forming, there is an evidence that the occurrence of size effects may lead to a breakdown in 
these basic plastic deformation theory when the specimen dimensions are scaled down to 
the micro/mesoscale [62, 63]. In practice, if there are only a few grains in the micro-parts, the 
response to the applied forces will show significant variations, and the reproducibility of the 
mechanical properties will become a serious problem in any micro-forming processes [64]. 
Hopefully, there is a way to solve grain size effects in micro/mesoforming by applying UFG 
materials with submicrometer or even nanoscale grain sizes produced by SPD techniques 
[65–68] because ultrafine grains can improve the micro-formability, surface roughness, and 
good mechanical properties of the MEMS components [69–71].

However, micro-deformation behavior changes from dislocation dominated in large grains to 
grain boundary dominated in small-grain regimes when the grain size decreases to the sub-
micron range. For example, the deformation behavior in UFG pure aluminum processed by 
ECAP and post-annealed specimens at room temperature (RT) was investigated, and the results 
show that different work hardening behaviors were observed during macro-compression  
test when the grain size increased from 0.35 to 45 μm [72]. The strain rate also has an obvious 
effect on micro-compression behavior of UFG pure aluminum, and the results demonstrate 
that a lower strain rate causes activation of micro-shear banding [73], and the deformation 
mechanism may be related to grain boundary sliding in UFG pure aluminum [74]. Thus, it 
is believed that grain boundary sliding and grain rotations are the main deformation mech-
anism in the UFG materials processed by SPD techniques. However, there is only limited 
information available on micro-forming when the material grain size is reduced to the sub-
micrometer even nanoscale level although these problems and limitations are beginning to 
attract attentions within the materials science community. At the present time, Le et al. [75] 

investigated the influence of grain size ranging from 0.5 to 5.2 μm on the deformation behav-
ior by compression tests at macroscale in aluminum prepared by a spark plasma sintering 
method. The results indicate that there is a strong correlation between deformation micro-
structure and grain size in the micrometer regime. Okamoto et al. [76] investigated the speci-
men and grain size effects on micro-compression formation behavior in the electrodeposited 
nanocrystalline copper with average grain size of 360, 100, and 34 nm. The results show that 
the deformation mechanisms with nanocrystalline grains are different from those for pillar 
with submicron grain size from the surface microstructure of deformed micropillars. There is 
a significant micro-deformation difference between the CG and UFG materials. For example, 
the micro-deformation behavior is transferred from work hardening to slight strain weaken-
ing with decreasing of grain size during micro-compression. The microstructural evolution 
results show that a lot of low-angle grain boundaries and recrystallized fine grains are formed 
inside of the original large grains in CG pure aluminum. By contrast,  ultrafine grains are 
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kept in UFG pure aluminum, which are similar to the original microstructure before micro-
compression. Meanwhile, there is an obvious transition from nonuniform deformation to uni-
form deformation after micro-compression testing with decreasing of grain size as shown in 
Figure 8a–e. The nonuniform deformation can be improved significantly, and the compressed 
specimens using UFG pure Al are cylindrical with a smooth surface as shown in Figure 8d 

and e [77, 78]. Research on the micro-extrusion of UFG aluminum showed that the material 
flow became more uniform because more grains were deformed during micro-extrusion [79]. 
Similarly, an investigation of the effect of specimen size on tensile testing with UFG and CG 
pure copper demonstrates that the uniform elongation increases with increasing specimen 
thickness and decreasing gauge length. In addition, the failure mode changed gradually from 
shear to normal tensile failure with increasing of specimen thickness [80, 81]. Therefore, the 
surface roughness and coordinated deformation ability can be significantly improved during 
micro-compression with UFG materials, which demonstrates that they have a potential appli-
cation in micro-forming at ambient temperature.

The ductility at micro/mesoscale is another method to evaluate the UFG materials whether 
the alloy has the potential for use in micro-forming applications. The mechanical proper-
ties confirm the general behavior anticipated for UFG metals including a strengthening at 
ambient temperature through the Hall-Petch relationship and a decrease in yield stress and 
higher ductilities when testing at elevated temperatures. For example, an investigation of the 
superplastic micro-forming of the magnesium AZ91 alloy with a UFG microstructure showed 
that the grain size and the transition from superplastic flow to non-superplastic flow were the 
main parameters controlling the micro-formability [82]. A UFG AZ31 magnesium alloy with 
average grain size of ~110 nm processed by HPT for 10 turns under an imposed pressure of 
6.0 GPa shows a highest elongation of ~400% testing at a temperature of 423 K and a strain 
rate of 1.0 × 10−4 s−1 [6]. This elongation of the sample processed by HPT is more than two times 
larger than the elongation of ~192% recorded in the same alloy processed by ECAP through 
eight passes testing at 472 K [5]. Thus, the micro-tensile testing of the UFG AZ31 magnesium 

Figure 8. Surface topographies of the compressed sample with grain size of (a) ~150, (b) ~25, (c) ~4, (d) ~1.5, and (e) ~1.3 
μm when compressed with fixed specimen diameter 2 mm [77].
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alloy processed by HPT suggests the possibility of obtaining a true superplastic property at 
a testing temperature which is much lower than for the same samples processed by ECAP.

To evaluate the micro-formability of UFG materials, a micro-V-groove die with a width of 
100 μm and the V angle of 60o was proposed as shown in Figure 9 [83]. The micro-coining 
tests were conducted with the as-drawn and UFG AZ31 magnesium alloy at the temperatures 
ranging from 298 to 523 K. After micro-coining tests, the surface shape of the embossed speci-
men was measured, and the filling area Af was calculated from the measurement data. The 
filling ratio Rf of the filling area Af to the V-groove area Av was used to evaluate the formabil-
ity after micro-embossing. Figure 9 shows the different filling behaviors during micro-coining 
with the as-drawn AZ31 magnesium alloy and UFG AZ31 alloy processed by HPT. For the 
as-drawn AZ31 magnesium alloy, the percentage of flowed area, Rf, increases slowly with 
increasing temperature from room temperature to 423 K and then increases abruptly up to 
523 K. In contrast, the filling ratio, Rf, increases significantly when the embossing temperature 
in UFG AZ31 is elevated from 298 to 423 K and then continues to increase slowly with increas-
ing of embossing temperature up to 523 [84]. Thus, UFG AZ31 alloy processed by HPT exhib-
its an excellent micro-formability by superplastic deformation, which is expected to become 
one of most useful materials to fabricate MEMS components with complicated structures.

Figure 9. Plots of filling ratio versus the increasing of embossing temperature for UFG AZ31 alloy processed by HPT and 
as-drawn AZ31 alloy [83].

Innovative Applications of Ultrafine-Grained Materials
http://dx.doi.org/10.5772/intechopen.69503

203



Based on these results, it is concluded that the SPD-processed UFG materials have a strong potential 
for use in micro-forming applications at elevated temperature. For example, a UFG pure Al 
with average grain size of ~1.0 μm produced by ECAP was adopted for micro-hot-embossing  
processes using a novel micro-embossing tool that was designed with a self-adaptive adjust-
ment and a vacuum mounting system [84]. The microarray channels are fabricated with 
feather widths from 5 to 100 μm at the temperature of 523 K under a force of 4 kN followed 
by a dwell time of 600 s as shown in Figure 10. The embossed micro-channels of 100 μm in 
width are clearly formed with a good geometrical transferability and no obvious defects as 
shown in Figure 10a. The straight side walls are replicated from the micro-silicon dies, but 
the top surface becomes rough and even with the decreasing of channel widths, as shown in 
Figure 10b–d. These results demonstrate that the filling quality is mainly attributed to the 
channel dimension compared to the grain size at the given micro-embossing conditions [84].

Figure 11 shows the comparison of the profile measurements for the micro-channels that are 
25 μm in width were embossed under the same experimental conditions using CG pure Al and 
UFG pure Al after ECAP processing through eight passes [84]. The filling problem of CG pure 
Al with an average grain size of ~300 μm is much more serious for micro-embossing at 25 μm 
in width because there are some wrinkles and uneven channels after micro-embossing. During 
the micro-embossing tests of the CG pure Al, the micro-channel on the silicon die is filled by a 
single grain deformation in the transverse direction because the grain size of CG pure Al is much 
larger than the channel width. So the material flow behavior is different at the grain bound-
ary and at the edge of the micro-channels, which leads to an inclined surface and wrinkles. 
By contrast, the micro-embossing of UFG pure Al at the same temperature produces smooth 
micro-channels, and the patterns on the silicon mold are fully transferred to the UFG pure Al 
plate. These results demonstrate that the UFG pure Al has much better formability than the CG 
pure Al. Therefore, micro-hot-embossing of UFG pure Al has good potential for application  

Figure 10. SEM images of microarray channels with sizes of (a) 100, (b) 50, (c) 25, (d) 10, and (e) 5 μm in width [84].
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in the fabrication of micro-parts with the micro-forming mold equipped with self-adaptive  
adjustment and a vacuum mounting system [84].

The UFG materials processed by SPD appear to provide a significant potential for use in 
micro-forming applications at elevated temperatures due to their enhanced mechanical prop-
erties at the room temperature and improved ductility at the elevated temperatures. However, 
the present investigation demonstrates that there is also an excellent micro-formability when 
using UFG pure aluminum at ambient temperature. The micro-tensile testing shows that the 
UFG pure Al processed by ECAP has excellent mechanical properties compared with the 
CG pure Al. The highest elongation of ~72% after ECAP processing suggests a good poten-
tial for using this material in micro-forming process at ambient temperature [85]. Moreover, 
micro-compression testing shows that the UFG pure Al produced by ECAP has improved the 
deformation compatibility by comparison with the CG sample and benefits to filling quality 
during micro-forming. This was confirmed by successfully using micro-forming to fabricate a 
micro-turbine from UFG pure aluminum at ambient temperature as shown in Figure 12. The 
perfection of this micro-turbine is a direct consequence of the high forming quality and the 
generally uniform mechanical properties of this material. The high strength and high level 
of homogeneity are also confirmed directly by microhardness measurements. These results 
demonstrate that there is an excellent potential for using UFG materials to fabricate micro-
parts with high accuracy, high strength, and a high level of uniformity [85].

3.2. Commercial applications of ultrafine-grained materials

Application and commercialization of UFG materials are associated with three primary 
points: their superior properties, their efficient fabrication, and the possibility to produce 

Figure 11. Comparison of the filling quality using UFG and CG pure Al [84].
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cutting-edge products from these materials [86]. Below are the examples of UFG materials 
processed by SPD for their commercial applications in biomedical engineering, electrical 
engineering, and sports.

The UFG pure titanium processed by ECAP-Conform from the Ufa State Aviation Technical 
University under the management of professor Valiev has been used as trademark applica-
tion to manufacture dental implants in the company “Timplant” (Ostrava, Czech Republic) 
since 2006 [87]. The UFG Ti with ultimate strength of 1350 MPa enabled design of thin den-
tal implant with diameter of 2.0 mm, which serves as fully functional pillar, and it can be 
inserted into very thin bones. Another advantage of smaller dental implants is less damage 
induced into jawbone during surgery intervention [88]. To date, these dental implants have 
been certified according to the European standard EN ISO 13485:2003. Figure 13a illustrates 

the Nanoimplant®, which is installed into the body of an 18-year-old patient with thin jaw-
bones between teeth 11 and 13. Another implant with the diameter of 2.4 mm was inserted 
to the right-side position 12 as shown in Figure 13b and c. Two nanoimplants with two tem-
porary crowns made in the same day as implants were inserted in the patient left the dental 
office. After 6 weeks, the final metal-ceramic crowns were fixed on the implants [89]. One of 
the possible next dental implant products with UFG Ti produced by SPD was manufactured 
and sold by basic implant systems under the trademark Biotanium in the USA beginning in 
2011 [86]. Thus, the small-diameter dental implants made from UFG Ti are possible to replace 
standard ones made from Ti-4Al-6V alloy, since the UFG pure Ti is characterized not only by 
the improved mechanical strength and fatigue life but also by better biocompatibility com-
pared to the conventional Ti-4Al-6V alloy.

UFG pure copper, aluminum, and aluminum alloy would be an innovative solution for  
electro-connections in high-voltage current converter due to the improved mechanical 
property without reduction of their electrical conductivity or even with its significant 
improvement. For example, very thin Cu and Al-2% Fe wires with a final diameter of 0.08 
mm were successfully drawn from the ring sample processed by HPT for N = 1 revolu-
tion as shown in Figure 14 [90]. A 25:1 area reduction after wire drawn can be achieved 
from the HPT processed samples, but the wire draw from the as-cast state failed after 
12:1 reduction [90]. The electrical conductivity of the wires ranges from 49–51 IACS% and 
increased to 52–54% after aging at 473 K for 1 h. These results demonstrate that there is 
a large potential to further improve the electrical conductivity with an optimized aging 
treatment [91].

Figure 12. Micro-turbine of UFG pure aluminum formed at ambient temperature [85].
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Producers of sport devices/equipment can also benefit from the UFG metals, particularly 
where high strength and low weight are required. The UFG materials could find applica-
tions in high-performance golf, bicycles, tennis, hockey, mountain equipment, etc. One of 

Figure 13. (a) Dental implant from nanostructured Ti and (b and c) X-ray photographs after surgery and control 
photograph after incorporation of dental implants into human jaw [89].

Figure 14. (a) Photograph and (b) optical micrograph of pure Cu and Al-2 % Fe as-drawn wires. SEM images showing 
surface condition of wires drawn from c as cast state and d HPT-processed state [90].
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the important examples is nano-dynamic high-performance golf balls, which have a hollow 
 nanostructured titanium core. The core material is manufactured using the UFG chip from 
Purdue University [92]. The Institute for Metals Superplasticity Problems (Russia) has devel-
oped a technology for the fabrication of golf club components from UFG Ti-6Al-4V alloy with 
grain size of 200 nm as shown in Figure 15 [93]. The method for producing the goffer-type 
face using UFG or nanostructured metals and inserts provided processing faces characterized 
by enhanced strength and high-impact efficiency. This technology allowed a reduction in 
weight of a golf club along with increase of ball’s flight distance due to increased restitution 
factor [93]. These application results demonstrate wide commercial potentialities for applying 
UFG materials processed by SPD.
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Figure 15. Components of golf club made from nanostructured Ti-6Al-4V alloy [93].
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