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Abstract: The deformed microstructures and mechanical properties of commercial pure titanium (CP-Ti) with an initial grain size of 

about 28 µm was investigated using equal channel angular pressing (ECAP). ECAP was conducted at room temperature adopting a 

die with a channel angle of 120° via route B

C

. Special attention was paid on the microstructure evolution and mechanical properties 

of the ECAP samples. Deformation twins were found in most grains after the first and second pass of ECAP. After four ECAP 

passes, the original grains were refined from 28 µm to about 250 nm, and the ultimate strength and microhardness were significantly

enhanced to 773 MPa and 2486 MPa, respectively. Meanwhile good ductility of 16.8% elongation still remained.
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Equal channel angular pressing (ECAP), as a severe plastic 

deformation (SPD) technique, has recently attracted more and 

more attentions because of its usefulness in producing bulk 

materials with ultra-fine-grains (UFG)

[1,2]

. Up to now, there are

many reports on UFG materials processed by ECAP, such as Al 

alloys, Cu, Ni, low-carbon-steel and Mg alloy, which belong to 

the materials with face centered cubic (fcc) and body centered 

cubic (bcc)

[3-8]

. For CP-Ti, hexagonal close packed (hcp) metal, 

it is difficult to achieve ECAP deformation at room tempera-

ture due to the limited slip systems compared with cubic met-

als

[9]

. For the purpose of enhancing the deformability of 

hard-to-deform metals, CP-Ti was usually processed by ECAP 

at high temperatures in previous works

[10-15]

. However, higher 

processing temperature might increase the rate of dynamic re-

crystallization resulting in lower strength. 

In this work, ECAP deformation for CP-Ti was carried out 

at room temperature by enlarging the intersecting angle of φ. 

The development of the deformed microstructures and me-

chanical properties of the as-pressed samples were focused on.

1  Experimental

A hot rolled plate of commercial purity titanium, grade 2 

(CP-Ti), with an average grain size of 28 µm was used as the 

starting material in the present investigation. Its composition

(mass fraction) was 0.13 O, 0.004 H, 0.01 N, 0.04 C, and 0.12

Fe. The plate was cut along rolling direction into several 

pieces, which were machined to samples with 15 mm�15

mm�80 mm used as experimental billets. A die-set with an 

internal angle φ of 120° and an outer curvature angle ψ of 20°

was adopted, which gave an equivalent plastic strain of about 

0.635 on each pressing according to the following equation

[16]

.
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All billets were processed at room temperature 4 passes 

with B

C

 route, in which the sample was rotated by 90° in the 

same sense in each pass. A composite lubricant was used, here 

in graphite was the main component. After each ECAP press-

ing, Ti billets were annealed immediately at 200 °C for 1 h to 

remove residual stress.

To observe microstructures, optical microscopy (OM) and 

transmission electron microscopy (TEM) samples were cut 

from their transverse sections. The specimens for TEM anal y-

sis were prepared first by mechanical polishing, then by twin 

jet polishing with a solution of 5% perchloric acid, 35% bu-

tanol and 60% methanol at an applied potential of 40 V and at 
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233 K.

Mechanical tensile tests were carried out at room tempera-

ture using a universal testing machine with a displacement rate 

of 1 mm/min. Test samples with a gauge section of 4 mm 

(width) × 10 mm (length) × 2 mm (thickness) and 5 mm 

shoulder radius were taken from the CP-Ti billets along its 

longitudinal axis. Yield strength (YS), ultimate tension 

strength (UTS) and elongation to failure were measured. The 

microhardness was measured, and the average of ten meas-

urents was taken as the microhardness of the sample.

2  Results and Discussion

2.1  Microstructures

Fig.1a shows a typical optical microstructure of the 

as-received CP-Ti, which shows the microstructure consisting 

of nearly equiaxed grains with an average size of 28 µm. Dur-

ing the first ECAP pass at room temperature, the grains were 

subjected to pure shear deformation, and were elongated along 

the direction of about 30° inclined to the longitudinal direction 

(Fig.1b). Compared with Fig.1a, it can be seen that the defor-

mation microstructure after first ECAP pass is significantly 

fined than the initial microstructure. In addition, a large num-

ber of twins in grains can be found. The twin direction is 

nearly parallel to the elongation direction. Some twins even 

pass through the entire grain and form macro-twins

[14 -15]

.

Fig.2 shows TEM images of the microstructure of CP Ti af-

ter one ECAP pass. As shown in Fig.2a, the microstructure 

presents elongated band structure. The average width of the 

bands is approximately 0.4 µm. Within these bands, high dis-

location densities appear. Large number of dislocation tangle, 

pile up and change into dislocation cell blocks. In order to 

characterize the bands, a selected area electron diffraction 

(SAED) pattern from a region containing two adjacent bands

(Marked “A” in Fig.2a) present blurred spots, shown in Fig.2b, 

indicating that the bands are low angle boundary formed by 

slip and high internal stresses existing in the structure. The 

bands with low angle boundary, i.e. shear band structure, have 

been reported to be the typical microstructure of ECAP 

pressed cubic structural metal

[5-8]

.

Deformed twins are shown in Fig.2c, and these twin bands 

are finer than shear bands mentioned above, only 0.2 µm. A 

SAED pattern from the region containing two adjacent bands 

was taken using a 1012

 

 

 zone axis (Fig.2d). The pattern

Fig.1  Optical microstructure: (a) as-received CP-Ti; (b) CP-Ti

after first ECAP pass at room temperature

Fig.2  TEM images of CP Ti after one ECAP pass: (a) shear bands,

(b) corresponding SAED pattern, (c) twins, (d) correspond- 

ing SAED pattern

shows that the mirror spots of the diffraction pattern appeared 

with respect to the (1011 ) plane, indicating that the two adja-

cent bands constitute the twin structure. The same twin system 

was observed in many other regions.

As CP-Ti is of hcp structure, its number of the slip system is 

fewer than that of the metals with fcc and bcc crystal structure. 

During ECAP, dislocation glide accommodates most of the 

imposed strain, and (1011 ) deformation twinning assists in the 

activaction of secondary slip systems. Therefore, such a mix-

ture of the slip of dislocation and mechanical twins is the typi-

cal microstructure of CP-Ti during ECAP at room temperature.

After the second pass, shear band is still the main deformed 

microstructure, but its width is smaller than that after the first

pass, about 0.35 µm. In addition, many dislocation cell blocks 

appear obviously in the band structure. Shear bands with dif-

ferent orientations intercross each other and also constitute

cell structure. With increasing of the number of ECAP passes, 

these structures develop into subgrains. As shown in Fig.3c, 

there are few dislocations in subgrains. The subgrain bounda-

ries consist of high dislocation density walls. During the 

fourth ECAP pressing, the grains are refined to about 250 nm. 

The corresponding SAED pattern shows diffraction arranged 

in circles, attesting to the existence of high angle grain 

boundaries. Elongation of diffraction spots indicates the exis-

tence of high internal stress, the diffusion of most grains 

boundaries and high-energy state. These microstructural fea-

tures present typical characteristics of the material processed 

by ECAP

[10]

.

2.2  Mechanical properties

The mechanical properties of as-pressed Ti at different 

ECAP passes are listed in Tab.1. It can be seen that with in-

creasing of number of ECAP pass, yield strength, ultimate ten-

sile strength and microhardness gradually increase. The great 

changes in grain refinement and microstructure evolution take

a

50 µm

b

300 nm

a b

c

600 nm

d
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Fig.3  TEM images of CP-Ti after different ECAP passes: (a) one

pass, (b) two passes, (c) three passes, and (d) four passes 

Table 1 Mechanical properties of CP-Ti after ECAP

Processing state YS/MPa UTS/MPa δ/% HV/MPa

Coarse-grained 390 474 36.4 1589

ECAP(1) 520 619 18.2 2067

ECAP(2) 580 703 17.03 2405

ECAP(3) 640 730 14.53 2450

ECAP(4) 680 773 16.82 2486

During ECAP, there could be three strengthening mechanisms to

strengthen CP-Ti: (a) grain boundary strengthening due to the

formation of band structure and grain refinement; (b) dislocation

strengthening resulted from increasing of dislocation density;

(c) twin strengthening because of the appearance of large number

of mechanical twins.

place after the first pass. Ultimate tensile strength and micro-

hardness are increased to 619 and 2067 MPa, respectively. 

After 4 ECAP passes, the yield strength and ultimate strength 

are increased to 680 and 773 MPa; respectively, at the same 

time a good ductility of 16.8% elongation is still remained. 

The microhardness significantly is enhanced from 1589 to 

2486 MPa.

3 Conclusion

After 4 ECAP passes, the initial grains are refined from 

28 µm to 250 nm, and the materials with UFG and high angle 

grain boundaries can be obtained. Their yield strength en-

hances by 74% from 390 to 680 MPa. Ultimate tensile 

strength enhances by 63% from 474 to 773 MPa; meanwhile 

sufficient ductility of 16.8% elongation to failure still remains.
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