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Abstract. Microstructure and texture of commercially pure titanium subjected to eight passes by
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lyzed by transmission electron microscopy (TEM), X-ray diffraction and microhardness mapping
in flow and top planes and cross section of the billet. Unlike previously published reports some
inhomogeneity (i.e. non-equiaxiality of grains) of fine structure has been detected by careful TEM
inspection. Texture results have supported that during ECAP pressing at elevated temperature
mostly pyramidal slip systems were active.

1. INTRODUCTION

mation such as (i) accumulative roll bonding (ARB)
[11]; (ii) multiaxial forging [12]; twist extrusion [13];
and many others. However, equal channel angular
pressing still remains the most efficient technique
producing large scale pieces of nanostructured materials. Nanostructured Ti and its alloys are of high
potential employment for biomedical applications
[14-17]. Pure titanium possesses the highest
biocompatibility with living organisms, but it has limited use in medicine due to its low strength. Highstrength nanostructured pure Ti processed by ECAP
has already been exercised for biomedical application [5]. The main advantage of pure titanium is that
toxic alloying elements are not present in the titanium implants and therefore such implants exhibit
better biocompatibility with human body.
It is widely accepted that four or more passes of
ECA pressing via route Bc are sufficient to achieve
homogeneous ultrafine-grained microstructure in any
cross-sections of the titanium billet. Tailoring ho-

Titanium is an important metal for high performance
structural applications [1]. Mostly two parameters,
namely texture and mean grain size, have a major
effect on physical and mechanical properties. Actually both parameters are interrelated [2] and need
to be optimized.
According to the Hall-Petch relation, grain refinement is the most reliable method for enhancing
mechanical properties of metals and alloys [3-5].
Highly strained metallic materials can possess not
only an ultrafine-grained (UFG) structure but also
specific nanostructural features [6-8]. To date, it is
well established that bulk nanostructured materials
(BNMs) can be processed successfully through
microstructural refinement using two basic methods of intense plastic deformation: (i) high pressure
torsion [9]; (ii) equal channel angular pressing [10].
Over the last decade, there was emerged a wide
variety of new techniques of intense plastic deforCorresponding author: Alexander Zhilyaev, e-mail: AlexZ@anrb.ru
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Fig. 1. Schematic of ECAP processing and flow
and top planes and cross section analyzed.
mogeneity of microstructure is important to control
mechanical properties of ECAP titanium during consequent thermomechanical treatment of the specimen during a fabrication of articles suitable for biomedical applications. For example, ECAP samples
of pure titanium can be subjected to additional cold
rolling for processing flat samples or warm drawing
for obtaining rod-shaped specimens. Although there
are a number of reports (see for references [8,18])
devoted to evolution microstructure and microtexture
of titanium and Ti alloys during ECAP and few reports are consequent cold rolling of ECAP specimens [19-21]. The aim of current report is to reexamine a 3D homogeneity of microstructure and texture in ECAP titanium after eigth passes via route
Bc processed at T = 450 q
C.

2. MATERIALS AND EXPERIMENTAL
Commercially pure Ti (in Russian designation VT-10) with an average grain size greater than 10 m
and containing impurities including 0.12 wt.% O,
0.01 wt.% H, 0.04 wt.% N, 0.07 wt.% C, and 0.18
wt.% Fe was used as the starting material. Rectangular specimens were pressed through ECAP 90q
die using route BC, which consists of consequence
of rotations of the work piece 90qclockwise along
its longitudinal axis between adjacent passes, was
used to process the Ti billets. Molybdenum disulfide was used as a lubricant. Both Ti billet and die
were preheated to 450 q
C prior the first ECAP pass.
Two samples were processed for eight passes, with
the starting temperature at 450 q
C. The temperature decreased with each pass and reached 400 q
C
after the 8th pass.
Vickers microhardness maps were plotted using microhardness data recorded in three sections
of ECAP specimens (Fig. 1) on grid with step size
of about 1 mm. Load of 100 gf and dwelling time of
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beT i XTfhe
X Xag
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TEM study of the Ti samples was carried out by
transmission electron microscope JEM-2000EX.
The foils were prepared by jet electropolishing. Thin
foils for the study were obtained by Jet polishing

hfaZu
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and n-butanol, at a voltage of 40 V at a temperag
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C. All details can be found elsewhere
[22].
The XRD analyses were carried out by DRON-3
instrument equipped with monochromator using Cu
radiation (K 1 5)&
-,(.(o&
K[Xf
V
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g
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and the exposure time was 2.5 s. Rietveld analysis
using MAUD software [23] was performed in order
to monitor the microcrystallite size, d; and the
microstrain, < 2>1/2. Dislocation density has been
estimated by the equation [24]:
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Burgers vector of -titanium [25].
For texture analysis, about one third of the thickness was removed by mechanical polishing in order to exclude surface artifacts. Four incomplete
pole figures (10 1 0), (0002), (10 1 1), (10 1 2) were
measured by XRD in reflection geometry with
Cu-K radiation.

3. RESULTS AND DISCUSSION
3.1. Microhardness maps
Fig. 2 represents color-coded (see online version)
microhardness maps plotted in three sections: in
flow plane (Fig. 2a), in top plane (Fig. 2b) and in the
plane of the cross-section (Fig. 2c). In flow and top
planes microhardness level is identical with the average value of ~ 2200 MPa. Surprisingly, in cross
section average level of Hv is about 2050 MPa which
is noticeable lower than in other planes. However, it
shall be admitted that in the range of 10% error all
the planes possess homogeneous microhardness.
This consists with generally accepted belief that four
passes of ECAP via route Bc is sufficient for achieving 3D microhardness homogeneity of processed
billets [8,10]. Homogeneity of titanium processed
up to four passes by 135 q
ECAP via route Bc at
room temperature has been studied in [26]. In the
flow plane and the cross section of the ECAP billet
the average microhardness values are higher due to
room temperature deformation but they are identical and increase with increasing number of passes
or accumulated strain.

3.2. TEM microstructure
Fig. 3 (upper row) represents typical microstructure
in three planes of the ECAP billets. Middle row of
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Fig. 2. Microhardness maps in (a) flow plane,
(b) top plane and (c) cross section.

the Fig. 3 shows the distribution of longitudinal and
transverse axes of grains from TEM observations.
Last row of the Fig. 3 reflects the distribution of the
aspect ratio of grains in three planes of the ECAP
specimen. Average length of longitudinal/transverse
axes of the grains is 0.51/0.22 m in the flow plane,
0.49/0.25 m in the top plane and 0.52/0.30 m in
the cross section, respectively. Average aspect ratios in three planes are 2.3, 2.1, and 1.8. However,
there is no directional elongation of grains detected
in any planes under study. Mean grain sizes of the
ECAP titanium calculated in different planes are 0.37
m, 0.37 m, and 0.41 m. They correlate with the
average microhardness values measured in the
same planes.

3.3. Crystallite size and dislocation
density measured by XRD
Fig. 4a demonstrates a difference in the lattice parameters (a and c) of ECAP titanium in three planes.
For comparison lattice parameters of annealed Ti
specimen are shown. Apparently there is no significant change in parameters a in three planes and it
is close to one of annealed sample. Long lattice
axis, c, is smaller than that for annealing condition
but it is similar in three different sections. Fig. 4b
shows the crystallite size and the dislocation den-

sity calculated in the flow, top planes and in the
cross-section. For comparison filled circles represent a mean grain size from TEM data in three sections. It is evident that crystallite size (actually subcells size) decreases in order of the flow plane
the top plane the cross section. Mean grain size
in all three planes is close to sub-cells size of the
annealed specimen.

3.4. Texture homogeneity
Fig. 5 represents complete pole figures (10 1 0),
(0002), (10 1 1), (10 1 2) in three planes (Figs. 5a,
5b, and 5c). Fig. 5d shows pole figures rotated 90q
from the cross section to coincide the flow plane.
Fig. 5e presents pole figures rotated for 45qfrom
the cross section to coincide the the shear plane of
the ECAP die. Insets in Fig. 5 show the texture
maximum for each plane. There is no much difference in texture maxima in the different planes of
the ECAP billets which is a good indication of the
crystallographic isotropy. Rotated 90qcbXYZhe
Xf
of that recorded in cross section (Fig. 5d) are in
good agreement with pole figures obtained from the
top plane (Fig. 5b). Actually from statistics point of
view they are identical.
Pole figures rotated 45qY
e
b g
[XVe
bfffXVg
ba
to coincide to the shear plane of the ECAP billet
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Fig. 3. TEM microstructure (upper row), grain size distribution in long and short axes (middle row) and axis
ratio distribution (bottom row) in (a) flow plane, (b) top plane and (c) cross section.

Fig. 4. (a) Lattice parameters (a and c) and (b) Crystallite/Grain size and dislocation density evaluated from
TEM and XRD data.
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Fig. 5. Pole figures, measured in (a) flow plane, (b) top plane and (c) cross section; (d) PFs rotated 90qfrom
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shear plane of ECAP die.
gives the indication of active slip systems during
processing. They are pyramidal <c+a> (11 2 2)[11
1 2 3]
slip system and (10 1 1) compression twinning. This
is in good agreement with experimental slip systems reported elsewhere [18,27].
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