
Microstructure and mechanical behavior of ultrafine-grained titanium 

 

J. Gubicza1,a, Zs. Fogarassy1,b, Gy. Krállics2,c, J. Lábár1,d, T. Törköly2,e 

1
Department of Materials Physics, Eötvös University, Budapest, P.O.B. 32, H-1518, Hungary 

2 
Department of Materials Science and Engineering, Budapest University of Technology and 

Economics, Budapest, Bertalan L. u. 7, H-1111, Hungary 

a
gubicza@ludens.elte.hu, 

b
fogarassyzsolt@freemail.hu,

 c
krallics@eik.bme.hu,

 d
labar@mfa.kfki.hu,

 

e
tamastorkoly@yahoo.com 

Keywords: Titanium, Equal Channel Angular Pressing (ECAP), radial forging, drawing, 
microstructure, mechanical properties. 

Abstract. Ultrafine-grained titanium was processed by severe plastic deformation (SPD). The SPD 

was carried out by equal channel angular pressing (ECAP) at high temperature. The ECAP-

processed sample was further deformed by conventional techniques such as radial forging and 

drawing. The microstructure was characterized quantitatively by X-ray diffraction line profile 

analysis and transmission electron microscopy after each step of deformation. The effect of 

procesing routes on the mechanical behavior was also studied. It was found that the conventional 

deformation processes after ECAP result in further increment in dislocation density and strength at 

the expense of ductility. 

Introduction 

Titanium serves as a basic material of medical implants because of its high strength to density ratio 

and biocompatibility with the human tissue. The strength of Ti can be improved by alloying or 

reducing the grain size. As the biocompatibility of pure Ti is usually higher than that of Ti-alloys, 

from the point of view of medical applications the grain-refinement techniques are more appropriate 

to increase the strength than alloying. Severe plastic deformation (SPD) procedures are effective 

methods to produce ultrafine-grained (UFG) microstructure in the workpiece [1,2]. One of the most 

frequently used SPD methods is equal channel angular pressing (ECAP) as this technique results in 

a homogeneous ultrafine grained microstructure in a relatively large workpiece [1]. The ECAP-

processed billets generally have dimensions of several centimeters in all directions which facilitates 

the elaboration of different implants from the raw material.  

In this work the microstructure and the mechanical properties of ultrafine grained titanium 

processed by ECAP is studied by X-ray diffraction line profile analysis and transmission electron 

microscopy (TEM). The ECAP was conducted at 400-450 ºC because Ti lacks sufficient ductility at 

lower temperatures. The ECAP-processed sample was further deformed at room temperature by 

conventional techniques, e.g. by radial forging and drawing. The grain and subgrain structure as 

well as the dislocation density of the samples subjected to different processing routes were 

determined. The effect of deformation modes on the strength and the ductility was also studied.  

Experimentals 

The intial material was a hot-rolled Grade-2 purity titanium. Cylindrical billets having a length of 

~70 mm and a diameter of ~24 mm were processed by 8 passes of ECAP at 400-450 ºC using a a 

die with a diameter of 24 mm and an internal channel angle of 90°.  The pressing was conducted 

using route Bc in which the billet is rotated about its longitudinal axis by 90° in the same direction 

after each pass [1]. For this die configuration, 8 passes corresponds to an equivalent strain of ∼8 [3]. 

Some ECAP-processed rods were further deformed by radial forging at room temperature resulting 
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in a reduction of the diameter from 24 mm to 16 mm. Finally, one forged rod was further deformed 

by drawing at room temperature. This process results in the reduction of the diameter of the rod 

from 16 mm to 12.25 mm. The microstructure of the specimens were studied by transmission 

electron microscopy (TEM) and X-ray line profile analysis. The grain and subgrain sizes were 

determined by a JEOL 2000-EX transmission electron microscope operating at 200 kV. The X-ray 

line profiles were measured on the transverse section of the rods by a high-resolution rotating anode 

diffractometer (Nonius, FR591) using CuKα1 radiation. The scattered X-rays were detected by 

imaging plates with the angular resolution of 0.005° in 2Θ, where Θ is the angle of diffraction. The 

line profiles were evaluated by the extended Convolutional Multiple Whole Profile (eCMWP) 

fitting procedure described in detail in other reports [4]. Using this method, the mean crystallite size 

and the dislocation density were determined from X-ray line profiles. The mechanical behavior was 

investigated by tensile test at room temperature and a cross head velocity of 6 mm/min till rupture. 

The axis of tension was parallel with the longitudinal axis of the deformed rods. 

Results and discussion 

Figure 1 shows TEM bright field images obtained on the transverse section of the initial and the 

deformed Ti samples. The grain size ranges determined from TEM for different samples are listed 

in Table 1. It is revealed that the grain size decreased from about 20 µm to several hundreds of 

nanometers due to ECAP-processing. The deformation by conventional methods after ECAP result 

in further grain refinement and also the broadening of the grain size distribution. Figure 1d shows a 

dark field TEM image for the samples deformed by ECAP + forging. This image reveals contrast 

differences inside the grains indicating that the grains are divided into subgrains for the deformed 

specimens. The size ranges of subgrains are given in Table 1. It can be seen that with increasing 

strain, the subgrain size is reduced and the its distribution became wider. 

The mean crystallite size and the dislocation density were determined by X-ray line profile 

analysis. The parameters of the microstructure obtained from X-rays are listed in Table 2. In the 

initial state the crystallite size is larger while the dislocation density is smaller than the limits (800 

nm and 0.1x10
14
 m

-2
 for the crystallite size and the dislocation density, respectively) observable by 

X-ray line profile analysis. After ECAP-processing the crystallite size reduced to about 120 nm 

while the dislocation density increases to 6x10
14
 m

-2
. Radial forging after ECAP results in two times 

higher dislocation density (12x10
14
 m

-2
) compared to the value obtained after ECAP. Further 

deformation by drawing increases the dislocation density to 24x10
14
 m

-2 
and decreases the crystallite 

size to about 50 nm. It can be established that the crystallite size determined by X-rays correlates 

rather to the subgrain size than to the grain size. This correlation is usual for SPD-processed metals 

where the grains confined by high angle grain boundaries are subdivided into subgrains and/or cells 

[5]. As the misorientation angles between subgrains are quite small (1-2
o
), there is no coherency 

between the X-rays scattered by different subgrains. Moreover, there are some specific dislocation 

configurations (e.g. dipolar dislocation walls) which also cause the disappearance of coherency of 

X-rays without any misorientation between the separated subgrains [6]. Consequently, the crystallite 

size measured by X-ray line profile analysis might be rather the subgrain size in the UFG 

microstructure. 

In spite of the fact that 8ECAP passes correspond to a very large strain value (~8), further 

deformation by conventional techniques result in a finer grain structure and higher dislocation 

density. This can be explained by the fact that ECAP was carried out at warm temperature while 

forging and drawing were applied at room temperature where the annihilation of dislocations is 

more difficult than at 400-450 ºC. 
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Fig. 1. Bright field TEM images obtained on the initial Ti sample (a) and on those deformed by 

ECAP (b), and ECAP + forging + drawing (c). Dark field TEM image for the sample deformed by 

ECAP + forging (d). 

 

 

Sample grain size [nm] subgrain size [nm] 

initial 20000 - 

ECAP 200-500 100-300 

ECAP + forging 100-400 50-300 

ECAP + forging + drawing 50-300 30-200 

 

Table 1: The size ranges of grains and subgrains for the initial state and the deformed samples. 
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Dislocation population Sample crystallite 

size 

 [nm] 

dislocation 

density 

 [10
14
 m

-2
] 

<a> type 

[%] 

<c> type 

[%] 

<c+a> type 

[%] 

Initial state >800 <0.1 - - - 

ECAP 120±15 6±1 84±4 3±1 13±2 

ECAP + forging 130±15 12±1 79±4 1±1 20±2 

ECAP + forging + drawing 46±6 24±3 72±3 2±1 26±2 

 

Table 2: The mean crystallite size, the dislocation density and the relative fractions of dislocation 

Burgers vectors for the initial state and the deformed samples. 

 

In hexagonal materials there are eleven dislocation slip systems. The eleven dislocation slip 

systems in hexagonal materials can be classified into three groups based on their Burgers vectors: 

11023/11 =b  (<a>-type), 00012 =b  (<c>-type) and 11323/13 =b  (<c+a>-type). There are 4, 

2 and 5 slip systems in the <a>, <c> and <c+a> Burgers vector groups, respectively. X-ray line 

profile analysis enables the determination of the Burgers vector population [7]. The relative 

fractions of the <a>, <c> and <c+a> type dislocations for the deformed samples are listed in Table 

2. It can be seen that there is an abundance of <a>-type dislocations besides the <c>- and <c+a>-

type dislocations for all the samples. This can be explained by the shortest momentum of the <a> 

Burgers vector which results in the lowest formation energy of <a>-type dislocations. As the <a>-

type Burgers-vectors are perpendicular to the hexagonal c axis, <a>-type dislocations can not 

produce strain to the c direction. Consequently, another slip systems with Burgers vectors having 

component parallel to the c axis should be activated for macroscopic plastc deformation of 

hexagonal polycrystals. Previous theoretical calculations and TEM observations for hexagonal 

metals suggest the activation of <c+a> dislocations by strong deformation at elevated temperatures 

[8]. This is consistent with our present observation, as the dislocation population for the ECAP-

processed sample shows a significant fraction (13 %) of <c+a> dislocations (see Table 2). It is noted 

that although forging and drawing were carried out at room temperature, the relative fraction of 

<c+a> dislocations further increases during these deformation modes indicating that severe straining 

can cause the activation of <c+a> slip systems even if the temperature is not very high.  

Figure 2 shows the 0.2 % offset yield strength (Rp0.2), the ultimate tensile strength (Rm) and the 

percentage reduction of cross sectional area (Z) obtained by tensile test for the initial state and the 

deformed samples. The latter quantity characterizes the deformability of the specimens. It can be 

seen that the yield strength of the ECAP-processed sample is about twice of that for the initial state. 

Further deformation by conventional techniques results in even higher strength at the expense of 

ductility of the samples. It should be noted, that the increase of the strength is more significant than 

the decrease of the deformability (area-reduction), i.e. conventinal deformation techniques after 

ECAP result in a better combination of mechanical properties compared to pure ECAP. 

The strength-increment with increasing plastic straining is consistent with the increase of the 

dislocation density and the reduction of the grain/subgrain sizes. The yield strength increment 

caused by SPD (∆Rp0.2) has been calculated as the difference between the yield strength values 

obtained for the SPD processed samples and the initial state. The values of ∆Rp0.2 as a function of 

the square root of the dislocation density are plotted in Fig. 3. The linear relationship between the 

two quantities indicates that the strength-increment caused by SPD can be well described by a 

Taylor-like formula: αMGbρ
1/2
 where α is a constant characterizing the geometrical arrangement of 

dislocations, M is the Taylor factor, G is the shear modulus, b is the absolute value of the average 

Burgers vector, and ρ is the average dislocation density. Taking G=46 GPa and b=0.347 nm 

(calculated from the relative fractions of the three different types of dislocations determined by X-
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ray analysis), and using the slope (136x10
-7
 MPa⋅m) of the fitted straight line in Fig. 3, the product 

of αM is determined as 0.85. This value is close to 1 which is usually obtained for cubic materials. 
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Fig. 2. The 0.2 % offset yield strength (Rp0.2), the ultimate tensile strength (Rm) and the percentage 

reduction of cross sectional area (Z) for the initial state and the deformed samples. 
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Fig. 3. The yield strength increment due to SPD (∆Rp0.2) as a function of the square root of the 

dislocation density. 

Summary 

Ultrafine-grained titanium samples were produced by different combinations of modern and 

conventional plastic deformation techniques. The intital grain size (20 micron) was reduced down to 

200-500 nm due to warm temperature ECAP processing. The subsequent forging and drawing at 

room temperature result in a further refinement of the microstructure and an increase of the 

dislocation density. The average grain size in the most strained state (ECAP + forging + drawing) is 

50-300 nm and the subgrain size is 30-200 nm. The average dislocation density is 6x10
14
 m

-2
 for the 

ECAP processed sample which increases up to 24x10
14
 m

-2
 as a result of subsequent forging and 

drawing. There is an abundance of <a>-type dislocations in the deformed microstructure which is 

attributed to the smallest Burgers-vector of these dislocations. Beside <a>-type dislocations, 

however, <c+a>-type dislocations are also activated. The contribution of <c>-type dislocations is 

marginal. The yield strength increases from 330 MPa to 652 MPa due to ECAP. The subsequent 
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forging and drawing result in further strength increment up to 1000 MPa. The increase of the 

strength is accompanied by the decrease of ductility but the former effect is more significant than 

the latter one, i.e. conventinal deformation techniques after ECAP result in better combination of 

mechanical properties compared to pure ECAP. The strength-increment caused by SPD can be well 

described by a Taylor-like equation which indicates that the main strengthening contribution is the 

interaction between dislocations. 
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