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At present more attention is given to development of the methods of severe plastic 

deformation providing formation of submicrocrystalline or nanostructured states in the bulk as 

well as the investigation of structure and properties of such materials. Today a set of the methods 

of severe plastic deformation have been developed such as high pressure torsion, equal channel 

angular pressing, multiple uniaxial pressing, forging (abc-pressing) and so on [1-8]. There are a 

lot of experimental data illustrating a great improvement of mechanical characteristics such as 

tensile ultimate strength, tensile yield strength, fatigue strength, wear resistance, microhardness 

and so on as a result of the severe plastic deformation [3-6]. Many researchers give particular 

attention to commercial pure titanium because of developing technologies of the nanostructured 

state formation discover a new prospect for its medical application. 

A well-known method of severe plastic deformation [7, 8] has been modified to obtain 

the bulk nanostructured titanium and provides its high mechanical properties. The commercial 

pure coarse-grained titanium (99,58 Ti, 0,12 O, 0.18 Fe, 0,07 C, 0,04 N, 0,01 H wt. %) was used 

as an initial material. At the first stage the titanium billets were subjected to the multiple uniaxial 

pressing by using press-mold at 10-3-10-2 s-1speed range under stepwise temperature decreasing 

from 1023 К to 623 К. Uniaxial pressing at a fixed temperature was carried out along three 

deformation axis gradually. At the next stage the plastic deformation was applied with grooved 

or flat rollers at room temperature to get further grain refinement and to reach the nanostructured 

state. The total value of rolling deformation was 90%. Then the rolled sticks and plates were 

subjected to the prior-to-recrystalline annealing at 523 K. 

The TEM studies have shown that the multiple uniaxial pressing allows formation of 

nanostructured state in the titanium billets already at the first stage, but it is heterogeneous in the 

longitudinal and the transverse sections. The grains and the subgrains have not equiaxial and 

elongated shape. The average size of grains and the subgrains is 90 nm in the transversal section 

(Fig. 1a). However, in longitudinal section the average size of grains and subgrains is much 

higher and it can reach 300 nm (Fig. 1b). The microhardness studies have shown, the multiple 

uniaxial pressing gives rise to a microhardness values in titanium billets, but it has also different 

values in the longitudinal and transversal sections. The maximal value of microhardness is found 



in the central part and it is equal to 3000 MPа (Fig. 2, curve 1). The microhardness decreases 

monotonously from 3000 to 2400 MPа at moving from the billet center to its periphery (Fig. 2, 

curve 2). Вy the way the average microhardness value in the coarse grained state is 1800 MPа. 

The problem of heterogeneity of the titanium microstructure has been solved with the use 

of plastic deformation by rolling. By using TEM it was shown (Fig. 1c), that homogenous 

microstructure the grain – subgrain size of which is less than 100 nm was reached in titanium 

billets whereby rolling deformation reaches 90%. In addition, the microhardness values in 

titanium become almost constant at moving from the central part of a billet to its periphery and 

the average microhardness value increases up to 3400 MPа (Fig. 2, curves 3). However, the 

plasticity of nanostructured titanium formed under rolling deformation is less than 2 %. At the 

same time the plasticity of the coarse grained titanium is 24 % (Fig. 3, curves 1).  

In order to improve a plasticity the prior-to-recrystallization annealing at 523 K is 

realized. It was demonstrated that the annealing in the temperature interval 523 K does not lead 

to visible changes in the microstructure and does not raise the size of elements (grains, 

subsgrains) (Fig. 1d). As a result of microhardness insignificant decreases up to 3200 МPа 

(Fig. 2, curve 3), but increases plasticity of nanostructured titanium from 2 to 6 % (Fig. 3, 

curve 2). 

The uniaxial tension testing have demonstrated that formed nanostructure ensures the high 

mechanical characteristics of the nanostructured titanium. The tensile ultimate strength is 

1160 МPа and tensile yield strength is 1100 МPа, (Fig. 3, curve 2). At the same time in the case 

of coarse-grained titanium these values are 500 МPа and 320 МPа respectively (Fig. 3, curve 1). 

The mechanical characteristics such as tensile ultimate strength, tensile yield strength, 

fatigue strength, microhardness for coarse-grained and nanostructured titanium, titanium alloys 

Ti-6Al-4V and Ti-2Al-5Mo-5V are presented in Table 1. It can be seen that mechanical 

characteristics of the developed nanostructured titanium are similar to those of high-strength 

titanium alloys (Ti-6Al-4V and Ti-2Al-5Mo-5V). 

 

An important characteristic of the resulting material is also the homogeneity of the elastic 

properties of the cross section and the possibility of cracking during machining. Investigation of 

the transverse distribution of mechanical characteristics, in particular the density of the material 

was carried out on the tomograph "Eagle", a tomograph 4-th generation with the collection of 

information through a conical beam of x-ray radiation. The radiation source is X-ray tube voltage 

of 140 kilovolts and the size of the focal beam of 15 microns. Through the lens radiation is 

recorded by the detector matrix 400x400 elements, each of which represents a combination of 

scintillator cesium-iodine-thallium and photodiode. Scanning mechanism provides: moving 



object in a plane transverse beam cross section, within the 300x300 mm.; Movement detector 

matrix in a plane transverse to the beam, within the limits of 300x300 mm.; Vertical 

displacement of the X-ray tubes of up to 150 mm. That lets you change the scale of the resulting 

images; rotation of the object at 180 degrees. In step 0,5 deg. The accuracy of object positioning 

control better than 1 micron. The software allows the imager to implement direct ray regimes, 

laminografii and tomographic reconstruction of the density distribution across the section. 

Studied the rods cross section 6x6 mm. In the rod was made to the disclosure of flaws on the 

surface of 10 microns. In Fig.4 b Fig.5 shows images of cracks in two mutually perpendicular 

directions. It is seen that the crack to the disclosure of the order of 1 micron. The system can 

detect. In Fig.6 are two cross-section with a thickness of each layer of 25 microns. Layered 

reconstruction allows a more detailed investigation of the shape of a crack in the various sections 
Analysis of the transverse density distribution over the cross section bar Figure 7 shows that the 

density is greatest at the surface exposed to compaction. In the figure 7 shows two sections of 

round bar, which show that the plane on the edge of a maximum and decreases towards the 

center. To the center density decreases, indicating the heterogeneity of the distribution efforts, 

and, consequently, the elastic properties of the cross section bar.  

               The structure of the material at the level of a micron with the help of "Eagle" could not 

be investigated, because of the radiator should have a focal spot to within fractions of a micron.  
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Table 1. The mechanical characteristics for coarse-grained titanium, nanostructured titanium and 

titanium alloys  

σ0,2 –  tensile yield strength;  σв – tensile ultimate strength; δ –  plasticity; σ0 – fatigue strength at 

3⋅106 cycle base; Hµ, – microhardness 

Material σ0,2 MPa σв,  MPa σ0, MPa δ, % Hµ,  MPa

coarse-grained titanium 270 400 300 23 1700 

nanostructured titanium 1100 1160 580 6 3300 

Ti-6Al-4V 1010 1100 570 >6 3500 

Ti-2Al-5Mo-5V 1000 1050 - >10 3400 

 

Fig. 1. TEM bright field image and corresponding SAD of microstructure of nanostuctured 

titanium produced by multiple uniaxial pressing (a, b), subsequent rolling (c) and prior-

recrystalline annealing (d): a - transversal section, billet center; b – longitudinal section, billet 

center, c - longitudinal section in relation to rolling, d -  longitudinal section in relation to rolling, 

annealing at 523 K. 

 

Fig. 2. Microhardness distribution of nanostructured titanium in section: 1 - nanostuctured 

titanium produced by multiple uniaxial pressing, longitudinal section; 2 - nanostuctured titanium 

produced by multiple uniaxial pressing, transversal section; 3 - nanostructured titanium produced 

by multiple uniaxial pressing after rolling deformation up to 90%; 4 − nanostructured titanium 

after annealing at 523 K; the arrow points the microhardness of coarse grained state. 

 

Fig. 3. Stress-strain curves under tension testing: 1 − coarse grained titanium; 2 – nanostructured 

titanium after annealing at 523 K. 

Fig.4. The image of a crack in a plane perpendicular to the beam axis. 
 
 
Fig.5. Image of a crack in the plane of the beam axis. 
 
 
Fig.6. Two-section rod in a plane perpendicular to the beam axis. The thickness of each section 
of 25 microns. 
 
Fig.7. Layered reconstruction of the transverse distribution of density in round bars



 a b

dc 

0,3 µm 0,4 µm

0,4 µm 0,4 µm

             
             
             
             
             
             
             
             
             
             
           
             
             
             
             
             
             
             
             
             
             
             
             
             
                   

  

                                                                          Fig.1 



 
 

0 5 10 15 20 25
0

200

400

600

800

1000

1200

 

 

 
б,

 M
Pa

ε , %

2

1

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2 
 
 
 
 
 
 
 

0 2 4 6 8 10 12 14 16
1600

1800

2000

2200

2400

2600

2800

3000

3200

3400 4
3

1
2  

 

 
X, mm

H
µ, M

Pa

1 1

Coarse-grained Ti

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 
 
 
      
 
 



 
 
 

 
 
 
 
 
 

Fig.4.  
 
 
 
             
    

  
 

Fig.5.  



             
             

Fig.6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.7 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


