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Abstract Applying a continuous equal channel angular pressing technique (ECAP-Conform), 
this work deals with the structure transformation and mechanical properties of a Grade 4 Ti. 
The microstructure evolution and mechanical properties were studied using electron 
backscatter diffraction; transmission electron microscopy and tensile tests. The results 
demonstrated that the microstructure evolution is ensured by the formation of low-angle 
deformation-induced boundaries during the initial stages of ECAP-Conform. With the number 
of ECAP-Conform passes increasing up to 10, a structure with an average grain size of 0.22 
µm was achieved, and the ultimate strength increased 1.5 times higher with respect to the 
initial state. 

1. Introduction 

Microstructure evolution in metallic materials during severe plastic deformation (SPD) and their 
mechanical properties have been the subject of research during the last decades. The SPD technique 
allows achieving high accumulated strains without material failure and enhancing its mechanical 
characteristics [1].  
Governed by the development of deformation-induced grain boundaries, the microstructure evolution 
in metallic materials during cold deformation display special features. There are incidental dislocation 
boundaries (IDBs) formed by the trapping of glide dislocations; such boundaries have low-angle 
disorientations (<5°), to which, for example, cell boundaries could be related. Geometrically necessary 
boundaries (GNBs) are another type of boundaries with high-angle disorientations (>5°). They 
separate crystallite domains in which different slip systems are active [2]. It should be noted that most 
studies on the evolution of the grain structure and deformation-induced boundaries during deformation 
were conducted in metals with bcc and fcc lattices and to a much lesser extent in metals with hcp 
lattices. Besides, the microstructure evolution in metals with hcp lattice is controlled by a competition 
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between mechanical twinning and dislocation gliding mechanisms. Thus, the feature of formation and 
development of deformation-induced boundaries and their influence in the level of mechanical 
characteristics of Ti Grade 4 during SPD have not yet been studied sufficiently. The aim of this work 
is therefore to analyze quantitatively the microstructure evolution of Ti Grade 4 during ECAP-
Conform and to establish the relation between structural transformations and mechanical properties of 
the material. 

2. Experimental 

The starting Ti Grade 4 was a recrystallized coarse-grained structure (impurities in wt % were less 
than: 0.16 Fe, 0.1 Si, 0.05 C, 0.015 N, 0.01 H, 0.34 O). Billets of the initial Ti Grade 4 were machined 
to a bar with dimension of 11 mm × 11 mm × 1000 mm and were processed by a continuous equal 
channel angular pressing (ECAP-Conform) using route Bc up to 10 number of passes at � =200°� . 
The forward speed was 5 mm/s and colloidal graphite was used for lubricant (Fig. 1). The angle of 
channels intersection in the ECAP-Conform die-set was 120°, so the von Mises equivalent strain in 
one pass was about 0.7. 

 
Figure 1. ECAP-Conform scheme showing the orientation of the studied surface. 

The microstructure was examined on the EP-extrusion plane (Fig. 1) using a JEOL 6500 FEG SEM 
scanning electron microscope equipped with Electron Back Scattering Diffraction (EBSD ) 
measurement and a transmission electron microscope (TEM). Prior to EBSD, the longitudinal section 
(ND-ED) of the samples were mechanically ground and polished to 1 µm grade using SiC paper and 
DP suspension, and then electro-polished in a chemical solution of 20% perchloric acid and 80% 
methanol at 30V with 20s at ~20°. EBSD characterization was carried out under an operating voltage 
of 20 kV and a probe current of about 5 mA with a working distance of 20 mm. Due to the fine 
structure of Ti after deformation, a step size of 30 nm was chosen, the scanning area was ~10 µm by 
~20 µm and low and high-angle boundaries were depicted in grey and black lines, respectively (Fig. 
2). The grain boundaries were identified using a minimum disorientation angle of 5° between adjacent 
pixels. For the data analysis, a clean-up procedure was employed in which the orientation of non-
indexed pixels were replaced with one of their neighbor’s orientation. Post analysis of the orientation 
maps was performed using functions written in Matlab. A JEOL JEM-2100FX was used to visualize 
the deformed microstructure. Mechanical tensile tests were conducted on flat samples taken in the EP 
plane with an Instron machine at room temperature and at a strain rate of 10-3 s-1.  

3. Results and discussion  

The initial microstructure consisted of recrystallized grains with an average size of 10 µm (Fig. 2a). 
For samples which had been processed for more than one ECAP-Conform passes, a band-line lamellar 
structure was found in the microstructure of the two and four pass Ti (Fig. 2b and 2c) with the long 
axis parallel to macro-shear direction imposed by the ECAP-Conform process.  



 3

   

  
Figure 2. Representative microstructures of Ti Grade 4 in an inverse pole figure map by EBSD: a) 

initial state; after b) two passes; �) four passes; d) eight passes; e) 10 passes of ECAP-Conform. Grain 
boundaries with disorientations larger than 15° are depicted by black lines. 

After two and four passes the disorientation distribution skewed towards low angles, and the grain size 
was about 0.6 µm and 0.4 µm, respectively. The average subgrain size for two passes was 0.22 µm 
(Fig. 2b and 2c). The high-angle boundary fraction was ~35% for two passes and ~44% for four 
passes. After eight and 10 passes, the deformed Ti was comprised of a mixture of equiaxed and 
elongated substructures (Fig. 2d and 2e). Both grain structures have a large fraction of high-angle 
boundaries (47% and 60%, respectively) with an average grain size of 0.24 µm and 0.2 µm. In align 
with the literature results on microstructure evolution [2, 3], additional deformation results in growth 
of subgrain disorientations and transformation of low-angle boundaries to high-angle boundaries, as 
well as a reduction of the average grain size (Fig. 3). We found that the structure becomes finer and 
more homogeneous after 10 ECAP-� onform passes (Fig. 2e), and substructure development is visible 
in grains with a size of 1 µm or more (Fig. 3). 

 

Figure 3. Average grain/subgrain size as a function of strain during ECAP-Conform of Ti. 

The TEM results displayed in Fig. 4 agree well with the EBSD observations. During the first two 
passes the formation of dislocation walls and low-angle boundaries (Fig. 4�) are the dominating 










