
Microstructure evolution of commercial pure titanium during equal channel
angular pressing
Y.J. Chen a,∗ , Y.J. Li b , J.C. Walmsley b , S. Dumoulin b , P.C. Skaret a , H.J. Roven a

a The Norwegian University of Science and Technology, Department of Materials Science and Engineering, 7491 Trondheim, Norway
b SINTEF, Materials and Chemistry, 7465 Trondheim, Norway

a b s t r a c t

Keywords:
Electron backscatter diffraction (EBSD)
Equal channel angular pressing (ECAP)
Commercially pure (CP) Ti
Continuous dynamic recrystallization
(CDRX)
Grain boundary

The microstructure development of commercially pure titanium during 3 and 4 passes of equal channel
angular pressing (ECAP) has been investigated in detail by optical microscopy and electron backscattered
diffraction (EBSD). The flow line, texture, grain, subgrain and twinning structures along the whole length
of the ECAP bar have been characterized systematically. A theoretically predicted triangular zone with
a completely different flow line pattern and texture has been found at the extruded end of the sample.
Details of the misorientation gradient inside grains and the continuous dynamic recrystallization (CDRX)
mechanism are discussed. Low angle grain boundaries (LAGBs) in grains are seen to evolve into high
angle grain boundaries (HAGBs) throughout the material. No {1 0 1̄ 1} twinning was detected but a low
fraction of {1 0 1̄ 2} twins was present.

.

(1)Introduction

Titanium alloys, e.g. Ti6Al4V, have increasing applications in
biomedical devices due to their excellentmechanical and biological
performance [1]. Alloying elements such as Al and V are toxic and
maypotentially cause a series of ailments including cancer [2]. Thus
the use of commercially pure (CP) Ti would be desirable. However,
coarse-grained CP Ti usually has limited strength which cannot
meet the needs formedical implants.An effective tactic tominimize
this disadvantage is to develop nanostructured or ultrafine-grained
(UFG)CPTi.

Equal channel angular pressing (ECAP), aimed at the fabrication
of massive bulk nanostructured materials (NSM) or UFG mate-
rials, has been successfully used to obtain UFG and even NSM
microstructures from Al, Cu, Ni, Ti, steel, Mg and their alloys [3–8].
The deformation behavior and grain refinement mechanism of rel-
atively soft alloys with FCC structures, e.g. Al and Cu, have been
studied extensively [4,9]. In the last years, there has been increasing
interest in investigating hard to form metals or alloys, e.g. Ti, with
hexagonal close packed (HCP) structure processed by ECAP [10–14].
In order to obtain the finest grain size, ECAP at low temperature is a
promising solution. Zhao et al. [10] recently observed shear bands
with irregular cell structures and deformation twins of {10 1̄ 1} type
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in the microstructure of CP Ti after 1 ECAP pass with 120◦ die at
room temperature. ECAP plus cold deformation [2,11] can further
refine the grains and improve the strength. Shin et al. [12] have
reported that the main deformation mechanisms of CP Ti during the
first and the second ECAP pass at 623K are {10 1̄ 1} twinning and
dislocation slip. However, no attempt was made to study the twin
types for subsequent ECAP passes. Zhu et al. [14] systematically
characterized the hierarchy of defect structures in nanostructured
Ti. However, they did not study the grain refinement mechanism.
In our previous work [13], the deformation structure including
dislocation tangle zones (DTZ), dislocation cells (DC), twins and
subgrains were investigated by electron backscattered diffraction
(EBSD) and transmission electron microscopy (TEM) in the central
region of the shear zone of a CP Ti sample interrupted between 3
and 4 ECAP passes. The objective of the present paper is to study
the microstructure evolution of CP Ti during the 3rd and 4th pass
to clarify the deformation mechanism beyond the first ECAP pass
where {10 1̄ 1} twinning seems to dominate.

(2)Experimental procedure

Grade 2 CP Ti was used in the as-delivered condition, i.e. rolled
and annealed at 977K for 2 h followed by air cooling. Its compo-
sition (wt.%) was Fe 0.04, C 0.01, N 0.019, O 0.12 and H 0.001.
In the annealed condition this material has a yield strength of
365MPa. ECAP was performed via route A [15] at 723K using
100 mm× 19.5 mm× 19.5 mm bars with an L-shaped split-die with
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equipped with a Nordif EBSD detector and the TSL OIM EBSD soft-
ware. EBSD was performed at 20 kV, 20mm working distance, a tilt
angle of 70◦ and a scan step of 0.1μm.

(3)Results

• Opticalmicrostructures

Fig. 1. Optical micrograph of CP Ti sample cross-section after 3/4 ECAP passes.
The upper left is 3 passes and the lower right is 4 passes. This image is in mirror
orientation with respect to subsequent images.

ϕ = 90◦ and = 20.6◦ [16,17], which geometry leads to an imposed
strain of about 1 per pass [18]. Repeated pressings were conducted
and eventually interrupted during the 4th pass in order to observe
the microstructure evolution from the 3rd to 4th pass. After pro-
cessing, longitudinal sections of the sample were prepared for
optical microscopy (OM) and EBSD analyses. The sample after 3/4
ECAPpasses isshowninFig.1.

Samples for theEBSDstudywereprepared bymechanical grind-
ing, mechanical polishing and final electropolishing with an AC3
solution, using a voltage of 40V for 15–25s under a controlled
temperature of −30◦C. Finally, the samples were cleaned with
methanol. The EBSD collection was done in a Zeiss 55VP FEG-SEM

Fig. 1 shows the CP Ti sample after 3/4 ECAP passes. Five posi-
tions, labelled A, B, C, D and H, were selected for further EBSD
observation. Points B and C are located along the theoretical shear
plane in the shear zone [19]. Positions A, E, F and G were selected
for OM observation. The overall pass-to-pass development of flow
lines is indicated by a black arrowed line. Images with higher mag-
nifications are shown in Fig. 2 and these have a mirror orientation
to Fig. 1. The white arrowed lines in Fig. 2 roughly follow the direc-
tion of flow lines. In the 3 passes region, shown in Fig. 2a, there is
an overall deviation angle, relative to the ECAP channel axis, which
is in agreement with the calculated value of 9.5◦ between the grain
elongation direction and extrusion axis for the 3rd pass of route
A [20]. Fig. 2b shows that flow lines near the inner angle ϕ [16,17]
have a small radius of curvature, which increases from the corner to
the center of the bar. The flow lines gradually change to being par-
allel to the horizontal direction, Fig. 2c, and display a horizontal “U”
shaped change of direction at positionG (Fig. 2d). It should be noted
that the flow lines close to the outer surfaces are complicated due
to the effect of friction. Fig. 1 clearly shows that there is a sharply
defined triangular zone in the 4 passes section that includes posi-
tion D, where the flow lines are almost perpendicular to the ECAP
channel axis. This has not been reported in regard to CP Ti but is in
good agreement with an earlier modeling study [21].

The formation of the triangular zone is attributed to the accu-
mulated plastic flow in the outgoing specimen sectionmoving from
one pass to the next passes, as schematically shown in Fig. 3. There
is a uniform deformation zone and two non-uniform zones after 1

Fig. 2. Optical microstructures of positions (a) A, (b) E, (c) F and (d) G.



Fig. 3. Schematic showing the formation of triangle zone for ECAP route A.

ECAPpass.After the2ndECAPpass, thetriangularzoneformsat the
end of the bar through the interaction of non-uniform deformation
zones of the first and the second pass. With further ECAP passes
the triangular zone remains at the same position in the specimen.
The size of the triangular zone is expected to be affected by the
length-to-thickness ratio of the bar and the material structure [21].

• EBSD microstructures

The initial (before ECAP) misorientation map is presented in
Fig. 4. The color code, red for {00 0 1}, blue for {10 1̄ 0} and green for

Fig. 4. Orientation map (SEM-EBSD) of as-rolled CP Ti.

{2 1̄ 1̄ 0}, gives the crystallographic direction of each grain. Equiaxed
grains, with an average size of 21.6 μm are present. There is a high
fraction of high angle grain boundaries (HAGBs, ∼85%) and the
average misorientation is 42.9◦ .

EBSDorientationmaps of the sample after ECAPprocessing are
shown in Fig. 5 (the map of point H is not shown here). The typical
microstructures consist of elongated coarse grains and fine-grained
band structures.At positionA in the 3rd pass region, Fig. 5a, the lon-
gitudinal directions of the bands have an overall tilt relative to the
ECAP channel axis, which is consistent with the results revealed by
OM shown in Fig. 2a and the theoretical angle of 9.5◦ . Comparing
the microstructures at locations B, C and D to that at location A, it

Fig. 5. Orientation maps (SEM-EBSD) of CP Ti after 3/4 ECAP passes at 723K. (a) Point A, (b) point B, (c) point C and (d) point D.
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Fig. 6. Grain boundary maps (SEM-EBSD) of CP Ti after 3/4 ECAP passes at 723K. (a) Point A, (b) point B, (c) point C and (d) point D.

can be seen that the average thickness of the bands is lower, show-
ing that the band structures are further refined when the material
passes through the shear zone in the ECAP die.

Fig. 6 presents the grain boundary maps derived from the orien-
tationEBSDmaps inFig. 5.The lowanglegrain boundaries (LAGBs),
between 2◦ and 15◦ , and the HAGBs, beyond 15◦ , are marked by
thin blue lines and thick black lines, respectively. Grain boundaries
with misorientations below 2◦ are removed due to the resolution
limit of EBSD. It is seen that a large number of necklace-like ultra-
fine equiaxed grains have formed along the boundaries of the band
structures. As shown in Fig. 6a–d, and discussed in greater detail
below, the ultrafine grains at locations B and C are finer than those
at location A. Elongated coarse grains can still be observed, within
whicharedistributedmanyultrafinesubgrains,boundedbyLAGBs.
These band structures tend to be aligned parallel with each other
but intersect at local zones. The thickness of the fine-grained band
structures varies between 1 grain and about 10 grains. By compar-
ing Fig. 6b and c with Fig. 6a, it can be seen that the fine grains are
further refined when the material passes through points B and C
in the shear plane. The average spacing between fine-grained band
structures also decreases from point A to D.

The fractional total lengths of HAGBs and LAGBs at different
locations have been measured from the EBSD maps, Table 1. The
fraction of HAGBs is low relative to other UFG materials processed
by SPD, for example Mg alloys [22]. After passing through the shear

material passes through the shear plane, points B and C, which indi-
cates that dislocation slip is the dominant deformation mechanism
during 3 and 4 ECAP passes.

Fig. 7 displays typical distribution histograms of grain size after
3/4 ECAP processing. The average grain size after 3 ECAP passes is
about 0.8 μm, Fig. 7a. During shear deformation, the fraction of both
fine and coarse grains tends to increase, as can be seen in Fig. 7b
and c, consistent with the increase in total LAGB and HAGB length
(Table 1). The final average grain size in the triangular zone reaches
0.65μm, seen in Fig. 7d.

The misorientation angle distributions are shown in Fig. 8. No
frequency peak is present around 56◦ , showing that there is no mea-
surable level of {10 1̄ 1} twinning. This is in agreement with the
observations of Shin et al. on CP Ti processed at 350 ◦C [12], where,
no {10 1̄ 1} twinning could be found by transmission electron
microscopy after 2 ECAP passes. In contrast, there is a significant
frequency peak around a misorientation angle of 86◦ for both points
A (3 passes) and H (4 passes but off the centre axis), marked by an
arrow, that indicates the presence of {10 1̄ 2} twinning during the
3rd and the 4th passes of ECAP processing.

Table 1
Fraction (%) and actual length (mm) of HAGBs and LAGBs in Fig. 6.

Location Fraction (%) Actual length (mm)



Fig. 7. Grain size distribution of CP Ti after 3/4 ECAP passes at 723K. (a) Point A, (b) point B, (c) point C and (d) point D.

In our previous work [13], we have identified {10 1̄ 2} twins with
width around 100 nm in the shear plane during 4th pass ECAP by
using TEM and observed a similar peak to those in Fig. 8 in EBSD
orientation distribution. However, twins with width of several
microns, could be missed in TEM observation. In order to observe
this big twins and to confirm that the peak in grain boundary
misorientations around 86◦ is really due to {10 1̄ 2} twins, several
individual boundaries were further studied by orientation and trace
analysis.An example of the analysis is presented inFig. 9.The high-
lighted boundary meets the two criteria suggested by Mason et al.
[24] and Nave et al. [25] for a coherent twinning boundary. Firstly,
the crystals on either side of the boundary have coincident {10 1̄ 2}
plane normals and, secondly, these twin plane normals are coin-
cident with the boundary trace normal, seen as the parallel green

Fig. 8. Misorientation distribution (SEM-EBSD) of CP Ti during 3/4 ECAP passes.

lines in Fig. 9a and b. The existence of {10 1̄ 2} twins indicates that
the twinning has also contributed to deformation during both the
3rd and 4th passes, even though dislocation slip is dominant. The
reason for the activation of {10 1̄ 2} tensile twins instead of {10 1̄ 1}
compression twins needs to be further studied.

Changes in the angle between the grain elongation direction
and the extrusion axis with increasing number of passes by route
A [20], will lead to the change of band structure and preferential
grain texture during the shear deformation. Fig. 10 shows the evo-
lution of {00 0 1} pole figures for the analysed positions shown in
Fig. 1. Fig. 10a–c correspond to the orientation maps of Fig. 5a–c.
Reconsidering Fig. 1, RD (reference direction) and TD (transverse
direction) are parallel and perpendicular to the ECAP channel axis
in the observation plane, respectively. For the microstructure of
point A, in Fig. 10a, it is evident that there is a texture with the c-
axis ((00 01) crystal direction) of grains being around 80◦ towards
RD. During the shear deformation at position B, Fig. 10b, the c-axis
rotates around the normal direction (ND), i.e. the axis defined by
the pole figure centres. Fig. 10c shows that the c-axis ofmost grains
in the triangular zone is around 80◦ towardsTD. Fig. 10d shows that
the angle between the c-axis and RD decreases in 4 passes of ECAP
(pointH) compared with that of 3 ECAP passes (Fig. 10a). On com-
paring the textures with the flow lines shown in Figs. 2 and 5, it is
interesting to see that the basal planes of most crystals tend to be
aligned parallel to the local flow lines. The present result indicates
that the c-axis of most grains progressively rotate around the axis
NDduring3/4ECAPpasses, i.e. frompointsAtoD.

(4)Discussion

• Microstructure in triangular zone

In the present study, the triangular zone occupied a large pro-
portion of the 4 passes part of the sample. No observation of



Fig. 9. EBSD analysis of {10 1̄ 2} twins seen in the microstructure of CPTi during 3/4 ECAP passes, taken from Fig. 6b. (a) Grain boundarymap showing {10 1̄ 2} twin boundaries
(85.1◦ ). A twin and the matrix are highlighted in blue and red, respectively. (b) The corresponding pole figure showing the twin interior orientation shares a common pole
with the matrix, which is marked by arrow. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

microstructure in the triangular zone of ECAPed bars has been
reported previously. Observations presented in Figs. 1 and 2,
Figs. 5–8 and Fig. 10 show that the grain size and shape, fraction of
LAGBs,misorientation distribution in themicrostructure of pointD
are similar to other locations. However, the flow lines, the direction
of band structures and the texture are different.

• Misorientation gradient inside individual grains

Fig. 11 shows a typical elongated coarse grain at point B, in the
theoretical shear plane, highlighted by color contrast. As can be
seen, there are several subgrains within the grain. In order to exam-
ine how the orientation varies in the highlighted grain, two lines are

Fig. 10. {00 01} pole figures of CP Ti during 3/4 ECAP passes at 723K. (a) Point A, (b) point B, (c) point D and (d) point H.
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Fig. 11. (a) Highlight from Fig. 6b illustrating the typical misorientation gradient within an elongated coarse grain. L1 and L2 are perpendicular to and parallel to the elongated
direction (b) misorientation profile along L1 showing misorientation gradient across the grain and (c) misorientation profile along L2 showing the misorientation gradient
along the longitudinal direction.

plotted along two paths, L1 and L2, perpendicular to and parallel to
the elongated direction, respectively. The relative misorientation
profiles measured along these lines are shown in Fig. 11b and c.
The red line and the blue line represent the point-to-point misori-
entation and the point to origin misorientation, respectively. There
are four main misorientation jumps, ranging from 3◦ to 13◦ , along
L1, located at 0.1, 0.6, 3.3 and 4.8μm and the maximum accumu-
lated misorientation rises to 28.1◦ across grain. Along the direction
of L2, the point-to-point misorientation generally remains below
5◦ (Fig. 11c). The accumulated misorientation increases to around
15◦ over 11μm from one side of the grain and then decreases
progressively approaching the opposite grain boundary. Misorien-
tation gradients have been examined in many coarse grains and
one was described in our previous study [13]. Similar long-range
misorientation gradients are found in most of the grains: the mis-
orientation gradient across the elongation axis of the coarse grain is
larger than that along the longitudinal direction. It can be expected
that with further deformation, the coarse, elongated, grains will
gradually develop into narrower bands with a larger number of
HAGBs. Similar long-range continuous orientation gradients were
also reported in torsionally deformed steel and cold rolled alu-
minum[27,28].Theequivalentgeometricallynecessarydislocation
density can be roughly estimate by the formula,ρ≈。 /bı, where 。 is
the accumulated in grain misorientation angle, in radians, b is the
Burgers vector and ı is the distance [26,27]. Therefore, the higher
the ratio between the accumulated misorientation angle and dis-
tance, the higher is the dislocation density. Taking b=2.95×10−10

and 5.54× 10−10 m for a-- and a
→

c dislocations in the HCP struc-
ture, respectively, 。 = 28.1◦ (=0.49 rad) and 10.4◦ (=0.18 rad) for L1
and L2, respectively, ı=5.3×10−6mand 15.9×10−6m forL1 and
L2, respectively, the estimated local dislocation density becomes
2× 1014 to 3× 1014 m−2 and 2× 1013 to 4× 1013 m−2 for the direc-
tions of L1 and L2, respectively. This estimated value indicates that
the present local dislocation density along L1 is about 10 times of

L2 and 2–3 times that of stainless steel after torsion deformation
[27].

• Grain refinementmechanism

Continuous dynamic recrystallization (CDRX) occurs easily in
pure titanium, due to its high stacking-fault energy [13,29]. The
CDRXprocess isarecoverydominatedprocessandproceedsbycon-
tinuous absorption of dislocations in subgrain boundaries (LAGBs)
whicheventually results in the formationofnewgrainswithHAGBs
[30]. In ourpreviouswork [13], clear evidence ofCDRXwas seen in
the 3/4 passes shear zone. Further microstructural features associ-
atedwiththeoperationofCDRXareshowninFig.12.TheLAGBsand
HAGBs are marked by white and black lines in this figure, respec-
tively. Firstly, the large misorientation gradient from the center

Fig. 12. EBSD orientation map revealing features of CDRX in CP Ti during ECAP,
taken from Fig. 6b.



to the grain boundary is frequently observed in coarse grains, as
shown in Figs. 12b and Fig. 11. This provides the necessary driving
force for the evolution of LAGBs to HAGBs. Secondly, it is appar-
ent that many LAGBs have evolved into HAGBs, see the arrow E
in Fig. 12a. Careful inspection of this grain boundary reveals that
the misorientation of some segments is just a little higher than the
transition value of 15◦ , used to define a HAGB, Fig. 12c, indicat-
ing it is growingby the accumulation of dislocations. Lastly, CDRX
is typically identified by the subgrain development around the
HAGBs[31,32].Ascanbeseen inFig.12a,most subgrains(LAGBs)
are generated near the HAGBs in the original grains and become
entangled with each other. With the accumulation of further dislo-
cations,theseLAGBswillgraduallyevolveintoHAGBsandformthe
necklace-likefinegrainswithHAGBs,markedbyarrowsinFig.12a.
The examination of orientation spread inside grains reveals the
development of intragranular plastic gradients, substructure, and
lattice rotation with respect to the applied route A shear strain.
The coarse elongated grains will be refined into narrower band
structures as LAGBs (an example marked by arrow F) evolve into
HAGBs.With further deformation, all the grainswill be refined into
necklace-like ultrafine grains by CDRX.

(5)Conclusions

1. A triangular zone showing a different flow line pattern and tex-
ture from the other part of the ECAP bar has been found at the
extruded end of the sample. The formation of the triangular
zone is due to the interaction between the uneven deformation
zone at the bar end and the uniform deformation zone in the
ECAP bar.

2. The typical microstructure of ECAPed CP Ti after 3 resp. 4 passes
via route A contains elongated coarse grains alternating with
narrow bands consisting of necklace-like ultrafine equiaxed
grains.

3. The deformation of CP Ti during 3 and 4 passes is dominated
by dislocation slip. No {10 1̄ 1} twins were detected but a small
fraction of {10 1̄ 2} tensile twins were observed to accommo-
date part of the deformation strain.

4. A detailed misorientation map study shows that long-range
misorientation gradients exist in the coarse elongated grains.
The misorientation gradients across the deformation bands are
much larger than those along the longitudinal direction. With
further deformation, the coarse elongated grains will be refined
into narrower bands with HAGB structures.

5. The grain refinement mechanism of CP Ti during ECAP has been
discussed. The grain refinement of grains in the late passes of
ECAP is dominated by CDRX. Most of the ultrafine necklace
grains were evolved from subgrains by evolution of LAGBs into
HAGBs.
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