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A B S T R A C T

This paper presents an investigation on the evolution of microstructure and deformation characteristics of

commercial purity Titanium (CP-Ti) during incremental equal channel angular pressing (I-ECAP). CP-Ti grade 2

was subjected to six passes at 300 °C following route BC, using a die with channel angle of 120°. Electron

backscatter diffraction (EBSD) technique was used to characterize the microstructure after first, second, fourth

and sixth pass, in the flow and transverse plane of the samples. Texture development through subsequent

processing was also investigated using pole figures in both planes. Following first pass, the grain boundary maps

across both flow and transverse plane showed a high degree of heterogeneity in grain morphology with the

presence of elongated and fine grains. Also, misorientation peaks associated with {1012} tensile twins and a small

fraction of {1122} compressive twins were observed in the microstructure. After second pass, microstructure was

further refined and the twinning activity was greatly reduced with no noticeable activity after the fourth pass.

Remarkable grain refinement was achieved after sixth pass with majority of grains in the ultrafine grain (UFG)

range and with a relatively homogenous microstructure. Continuous dynamic recrystallization (CDRX) has been

observed during subsequent I-ECAP processing. It was seen that twinning alongside CDRX acted as a dominant

grain refinement mechanism during the initial passes of I-ECAP process beyond which slip was dominant

deformation behaviour.

1. Introduction

Titanium alloys such as Ti-6Al-4V are being widely used in

biomedical industry for its excellent corrosion resistance and mechan-

ical performance [1,2]. However, alloying elements such as aluminium

and vanadium can be toxic in the long term and are therefore

undesirable for full bio-integration [3]. Due to its superior bio-compat-

ibility, commercially pure Titanium (CP-Ti) is an attractive option,

though limited strength of CP-Ti restricts its usage in most medical

implants. An effective solution to improve the mechanical strength and

performance of CP-Ti, is by grain refinement and achieving ultrafine

grain (UFG) microstructure through severe plastic deformation (SPD).

To date, strengthening of various metals via grain refinement has been

demonstrated by numerous studies [4,5].

Equal channel angular pressing (ECAP) is by far the most promising

SPD technique available. It is capable of producing bulk UFG materials,

large enough for practical applications [6]. Developed by Segal et al.

[7], the technique involves pressing a billet through a die that consists

of two channels with equal cross-sections, intersecting at an angle (Φ).

As the billet passes through the intersection, it is subjected to simple

shear, while retaining the original cross-sectional area. The same billet

can therefore be passed through the die multiple times, in order to

impart desired level of plastic strain. The billet is usually rotated about

its longitudinal axis between the passes, creating different ECAP routes

[8]. Four distinct processing routes have been identified for use in ECAP

[9]. These routes are designated as route A, route BA, route BC and route

C. Route A in which the billet is processed repetitively without any

rotation, route BA in which the billet is rotated by 90° clock wise and

counter clock wise alternatively between consecutive passes, route BC

in which the billet is rotated by 90° in the same direction between

consecutive passes and route C in which the billet is rotated by 180°

between passes. Each route has a different shearing pattern and

characteristic which subsequently effects the resulting microstructure

[10].
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ECAP has been applied on CP-Ti for the purposes of refining the

grain structure and subsequently improving its strength. UFG structure

in CP-Ti, not only improves the yield and tensile strength [11–16] but

also improves fatigue behaviour and corrosion resistance considerably

[17,18]. Titanium has a hexagonal closed packed (HCP) structure at

room temperature. Compared to face-centred cube (FCC) and body-

centred cube (BCC) metals, it is regarded as ‘hard-to-deform’ because of

its poor ductility. This presents significant challenges in processing by

ECAP, as it is susceptible to cracking or failure during processing [19].

The inferior deformability, is mainly due to the limited slip systems

available in HCP structure. The most common slip modes are the

prismatic (1010), pyramidal (1011) and basal (0001) planes along the<

1120> slip direction [20]. The three slip planes combined with the

slip vector constitute a total of four slip systems. However, five

independent slips systems are required to satisfy the von Mises criteria

[21]. To accommodate plastic strain during deformation, Ti exhibits

various twinning alongside dislocation slip in response to tensile and

compressive loading [22]. Therefore, twinning is an important defor-

mation mechanism in CP-Ti. The most observed twins in CP-Ti are:

{1011} and {1012} also known as compression and tensile twin,

respectively [23–25]. The deformation behaviour of CP-Ti during ECAP

is complex and is expected to be different from the cubic materials as it

involves both slip and twinning.

Various studies have been performed to describe the microstructure

and deformation mechanism during ECAP in CP-Ti. These studies have

mainly used transmission electron microscopy (TEM) for investigation.

For example, Stolyarov et al. [26] studied the influence of various ECAP

processing routes on the grain refinement of CP-Ti. Experiments using

Φ=90° die angle and temperature range of 400–450 °C, it was reported

that route BC is the most effective for grain refinement, yielding

equiaxed grains in sub-micrometre range compared to route BA and

C. Kim et al. [27] studied the deformation mechanism of CP-Ti during

first pass of ECAP at 350 °C. TEM micrograph displayed very thin

elongated bands of 80 nm in width. Detailed analysis of these bands

revealed {1011} twin characteristics. It was concluded that {1011}

twinning played a critical role in plastic deformation during the first

pass of ECAP. Later on, the results were also confirmed by higher

resolution electron microscopy (HREM) [28]. Shin et al. [29], using the

same die and processing conditions, showed that prism a slip was the

main deformation mechanism in CP-Ti grade 2 after second pass with

route B. In a later work by Kim et al. [30], the effect of processing

temperature on the microstructure was also studied. It was revealed

that the deformation mechanism in CP-Ti grade 2 was strongly

dependent on processing temperature. For example, pressing done at

200 °C resulted in thin parallel bands where slip was the dominant

mechanism, though it is not clear if the use of such low temperature

produced defect free billets. In contrast, processing at 350 °C {1011}

twinning was found to be more dominant. Moreover, pressing at 600 °C

showed some evidence of dynamic recovery and recrystallization

alongside twinning.

Some recent studies have utilized electron backscatter diffraction

(EBSD) technique to investigate the microstructure in CP-Ti during

ECAP. Chen et al. [31,32], performed processing at 450 °C using Φ=90°

angle die. Investigations were performed using a combination of TEM

and EBSD on the 3/4th pass sample. Results shows a weak presence of

{1012} twin type during the fourth pass, however, overall the fraction of

these twins was very low. It was concluded that continuous dynamic

recrystallization (CDRX) was the pre-dominant mechanism. In another

study by Chen et al. [33], CP-Ti grade 2 was processed at 450 °C for up

to eight passes using Φ=90° angle die. Mainly compressive twins {1011}

with a small fraction of tensile twins {1012} were found to be active

during the first pass. After pass two, CDRX played a dominant role in

grain refinement. And finally more recently, Meredith et al. [34]

deformed CP-Ti grade 1 using Φ=90° angle die at 275 °C for up to

four passes. It was concluded that {1011} twinning was active alongside

CDRX during the first pass. However, beyond pass two, slip was the

dominant deformation mechanism.

With the exception of the last two studies mentioned above, all the

other studies have characterized CP-Ti only after a certain pass,

moreover the choice of TEM limits the scanned area under observa-

tions. The current work aims to present a complete picture of the

microstructural development and the textural evolution in CP-Ti using

incremental equal channel angular pressing (I-ECAP) process. EBSD

was employed to track and analyse large scan areas in flow and

transverse plane of the samples. The purpose is to observe the

deformation characteristics in detail and to study the dominant grain

refinement mechanism.

I-ECAP is an extension of the ECAP process and is recognized as a

separate SPD processing technique [35]. Developed by Rosochowski

and Olejnik [36], it is capable of processing very long or even

continuous billets, a distinct advantage over the conventional ECAP

process. The I-ECAP process has been previously demonstrated as an

effective technique for refining grain structures in long bars [37], plates

[38] and sheets [39], which makes it an attractive option for industrial

implementation. In the present study CP-Ti was subjected to six passes

of I-ECAP at 300 °C following route BC. The evolution of the micro-

structure and crystallographic texture obtained from the EBSD analysis

on unprocessed and processed samples after first, second, fourth and

sixth pass are studied in great detail and the mechanism of grain

refinement in investigated.

2. Material and method

2.1. Material

The material used in the present study is commercial purity

titanium (CP-Ti), grade 2. The material was received in the form of

12.5 mm thick hot rolled plate from Dynamic Metals Ltd (UK). The

reported chemical composition (max wt%) was 0.08% C, 0.03% N,

0.18% O, 0.015% H, 0.20% Fe and balance Ti. Square cross-section

billets measuring 10×10 mm2 and 120 mm in length, were cut from

the plate, using wire electric discharge machining (EDM) such that the

longitudinal axis of the billet was parallel to the rolling direction of the

plate. A small 1 mm chamfer was machined at the top edge of the billet,

to facilitate the flow of material during the initial stage of processing.

2.2. I-ECAP experimental procedure

In classical ECAP, processing of very long billets is difficult due to

the high force required to overcome friction during processing. I-ECAP

process has been designed using FE simulations with the viewpoint of

eliminating this limitation [40]. In the present study, the double-billet

variant of the I-ECAP process, with a channel intersection angle (Φ) of

120° was used. This technique is capable of processing two billets

simultaneously, therefore has twice the productivity. The schematic

illustration of the process is shown in Fig. 1(a). There are three main

tools; die, plunger and punch denoted by A, B and C respectively.

During processing, punch tool is oscillating with a certain frequency

and therefore comes cyclically in contact with the billet top surface.

In I-ECAP, material pressing and deformation, takes place in two

stages as opposed to ECAP [41]. In material pressing stage, while the

punch tool is retracting, the billet material is pressed into the

deformation zone in increments of distance ‘a’ by the plunger tool

known as pressing stroke. In the deformation stage, the punch comes

down and deforms the billets. The blue colour outline of the billets in

Fig. 1(a) represents the pressing stage whereas the red colour outline

represents the deformation stage with the dashed outline representing

the plastically deformed zone. The mode of deformation is similar to

that in ECAP i.e. simple shear, provided the pressing stroke is not too

large. Separating the pressing and deformation stages, reduces friction

substantially. This in turn lowers the force required to press the

material [42]; thereby enabling processing of very long or continuous
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billets.

The I-ECAP process is realized on a customized 1000 kN servo-

hydraulic press as shown in Fig. 1(b). The press is controlled by Zwick's

Control Cube using Cubus software. The punch is attached to the press

actuator and follows a sinusoidal cyclic command during processing.

The material pressing is carried out by a screw jack which is driven by a

servo-motor. A dedicated LabVIEW application controls and synchro-

nizes the material pressing by monitoring the punch oscillation. The

application also records and captures deformation and pressing forces

during processing. The arrangement of all these elements that consti-

tute the I-ECAP rig is shown in Fig. 1(b).

Before starting the I-ECAP experiments, the pair of lubricated billets

was placed inside the die pre-heated to 300 °C for 15 min, in order to

achieve homogenization temperature. Experiments were performed

using a pressing rate of 0.2 mm/cycle (0.1 mm/s), punch oscillatory

movement of 0.5 Hz and with a peak to peak amplitude of 1.6 mm. The

die configuration leads to an imposed strain of ~0.67 per pass. The

billets were processed repeatedly and were subjected to a total of six

passes giving a total strain of ~4.02. Processing route BC was followed

as it is considered to be the most effective in achieving homogenous

microstructure of grains separated by high angle boundaries [43,44].

Specifically for CP-Ti, route BC yields finer equiaxed grains, produces

better surface quality [26] and also improves the corrosion resistance

[45] compared to other routes. Following each pass, the billets were

quenched in cold water and taken to room temperature quickly, in

order to suppress grain growth. The quality of all the billets processed

was excellent without any visible surface cracks or defects.

2.3. Electron backscatter diffraction (EBSD) and texture analysis

For the purposes of understanding it is necessary to first establish

three orthogonal planes; X, Y and Z with respect to the billet. As

illustrated in Fig. 2, the X plane is the transverse plane perpendicular to

the longitudinal axis of the billet whereas the Y and the Z plane are flow

and longitudinal planes parallel to the side face and the top face of the

billet at the point of exit from the die, respectively [10,46]. Two groups

were selected for analysis purposes, each group consisted of one

unprocessed billet and four processed billets after first, second, fourth

and sixth pass of I-ECAP process. Samples from both groups were

carefully obtained from the centre of the billets using a linear precision

saw, following the cut plan as shown in Fig. 2. All observations in group

1 samples were made on the Y-plane (FD-ND) while observations in

group 2 samples were made on the X-plane (TD-ND), here FD, TD and

ND represent the flow, transverse and normal directions respectively.

Note that in I-ECAP process, the billet is pressed from the bottom as

opposed to being pressed from the top in conventional ECAP, the ND

direction is therefore shown to point downwards to make it consistent.

The surface of each sample was polished using standard mechanical

polishing techniques and was then ion milled on Leica RES101 as a final

step. The microstructure of CP-Ti before and after subsequent passes of

I-ECAP were characterized by scanning electron microscopy (SEM)

using electron backscatter diffraction (EBSD) analysis. The SEM used

was a FEI Inspect F50 with an EDAX TSL EBSD detector. The sample

was tilted 70° from the horizontal for EBSD data collection, at a 20 kV

accelerating voltage and 200 mA beam current. A step size of 0.40 µm

was used for the unprocessed material and 80 nm for the I-ECAP

processed material.

3. Results

3.1. As received microstructure

Microstructural characteristics in CP-Ti before and after I-ECAP

process was analysed using SEM based EBSD technique. Fig. 3 shows

the coloured inverse pole figure (IPF) map of the unprocessed material,

in the (a) flow (Y) and (b) transverse (X) plane, respectively. The colour

code; red for (0001), blue for (1010) and green for (2110) as shown in the

standard stereographic triangle (inset in Fig. 3(a)), corresponds to the

crystallographic orientation of each grain. The colour variations within

the grains qualitatively represents difference in internal misorienta-

tions.

It appears that the grains are more or less equiaxed in morphology

and the grain size analysis reveal an average grain size of 20 and 22 µm,

in the flow and transverse planes, respectively. The grain boundary

maps obtained from the EBSD analysis (not shown here) confirms that

the boundaries of the grains in both flow and transverse plane are high

angle (θ>15°) in nature with minor misorientation variation within

the grain interiors. This minor misorientation is also evident in the IPF

maps which shows slight colour variations within the grain interiors.

Fig. 4 shows the experimental pole figures recorded on basal (0001),

prismatic (1010) and pyramidal (1120) planes representing the texture of

the unprocessed material in the (a) flow and (b) transverse plane,

respectively. These textures were recorded on the samples at the same

measurement areas as used for the IPF maps in Fig. 3. Fig. 4(a),

Fig. 1. (a) Schematic illustration of double-billet variant of I-ECAP process (A=Die, B=Plunger and C=Punch) and (b) the I-ECAP experimental rig (1=I-ECAP die, 2=1000 kN servo-

hydraulic press, 3=screw jack and servo motor, 4=Zwick Controller and 5=LabVIEW control application).

Fig. 2. Illustration of the three orthogonal planes (X, Y and Z) with respect to the billet,

alongside the cut plan to obtained group 1 and group 2 samples in the flow and transverse

plane for microstructure analysis respectively (polishing done on the grey surface of the

representative samples).
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representing the texture characteristics of the grains in the flow plane,

exhibited typical rolling texture observed in HCP materials. (0001) pole

figure shows the presence of split basal texture with c-axis of the

majority of grains inclined at an angle± 30–60° from TD towards FD.

The (1010) and (1120) pole figures indicates that a-axis of the HCP

lattice are randomly oriented in the rolling plane, and no preferred

orientation for prismatic and pyramidal planes (Fig. 4(a)). The textures

show that the basal planes of the grains are preferentially oriented

parallel to the rolling direction. As a result, a ring texture forms in the

(0001) pole figure in which the intensity of the basal pole densities are

distributed 360° non-uniformly at the periphery of the pole figure

(Fig. 4(b)).

3.2. Microstructural evolution with subsequent passes

3.2.1. Flow (Y) plane

The post deformation microstructure was examined using high

resolution SEM-EBSD technique. Fig. 5 shows the coloured IPF maps,

representing the evolution of microstructure and deformation charac-

teristics in the flow (Y) plane of the CP-Ti samples subjected to (a) first

(b) second (c) fourth and (d) sixth pass of I-ECAP process, respectively.

As mentioned earlier, each pass gives a strain of ~0.67 so these IPF

maps corresponds to a total strain of 0.67, 1.34, 2.68 and 4.02,

respectively. The FD and ND direction applicable for all the IPF maps

in the flow plane is shown in Fig. 5(a). It is also important to emphasize

that the samples for EBSD analysis were taken from the centre region of

Fig. 3. Coloured inverse pole figure (IPF) maps obtained from EBSD analysis showing the microstructure of unprocessed CP-Ti grade 2 sample in the (a) flow (Y) and (b) transverse (X)

plane. The colour corresponds to the crystallographic orientation shown in the standard stereographic triangle. Colour variations within grains qualitatively represents change in internal

misorientations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Experimental pole figures illustrating the evolution of texture on 0001 (left),1010 (middle) and 1120 (right) planes in un-processed CP-Ti grade 2 sample in the (a) flow (Y) and (b)

transverse (X) plane. The representative colour scale bar for the corresponding pole figure are shown as well.
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the processed billets to avoid any end and surface defects due to

friction.

EBSD scan of the sample subjected to first pass of I-ECAP in Fig. 5(a)

shows that most of the grains are elongated and forming a typical

banded style microstructure due to the shearing process. The tilt of the

elongated grains is ~55° to the flow direction. The metal flow pattern is

similar with those developed in FCC and BCC metals after first pass of

ECAP processing [43]. This pattern is mainly influenced by the channel

intersection angle (Φ) during the first pass. In general, the microstruc-

ture is heterogeneous and three regions can be identified similar to

Fig. 2(b) in Ref. [47]. Region 1 is a coarse grain which has been

elongated and appears to be largely deformation free, with the size

similar to pre-existing coarse grains. Colour variation within this coarse

grain suggests minor misorientation are accumulated within the grain.

With further straining, these misorientations will increase, which are

likely to result in formation of new smaller grains with high angle

boundaries. Region 2 consists of a thin banded structure, which have

likely deformed to form new elongated grains. The bands measure, tens

of micrometres in length and a few micrometres in width, therefore are

not considered to be ultrafine grain structure. Region 3 consists of fine

equiaxed grains in the size range less than 3 µm, it is also seen that some

of these fine grains have nucleated around the grain boundaries of

elongated grain. Microstructure having such fine grains along the grain

boundaries is termed as necklace structure. The smallest grains are

down to ~500 nm, however the fraction is quite low. This however

shows that ultrafine grains have already begun to form after the first

pass.

As seen in Fig. 5(b), after second pass of I-ECAP processing, the

microstructure is further refined compared to the first pass. As a results,

many more fine grains have formed while the number of elongated

grains have decreased considerably. Also, the length and width of these

remaining elongated grain have been greatly reduced due to the total

amount of strain induced. The majority of these elongated grains have

orientation which range from basal plane 0001 (red) to either half way

to 1010 (pink) or less than half way to 2110 (orange). Overall, the

texture is seen to have been weakened compared to the first pass.

Fig. 5. Coloured inverse pole figure (IPF) maps obtained from EBSD analysis showing the evolution of microstructure and deformation characteristics in processed CP-Ti grade 2 samples

in the flow (Y) plane after (a) first, (b) second, (c) fourth, and (d) sixth pass of I-ECAP process at 300 °C using Φ=120° angle die. The colour corresponds to the crystallographic

orientation shown in the standard stereographic triangle (inset). Colour variations within the grains qualitatively represent differences in internal misorientations. Note that scale bar used

in (a) to (c) is 20 µm whereas in (d) is 5 µm, due to high magnification image. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 6. EBSD based grain boundary maps of CP-Ti grade 2 samples in the flow (Y) plane after the (a) first (b) second (c) fourth and (d) sixth pass of I-ECAP process at 300 °C using Φ=120°

angle die. Here blue lines represent low angle grain boundaries (LAGB) where 1.5°≤θ≤15°, whereas red lines represent the high angle grain boundaries (HAGB) where θ>15°. Figure on

the left represents the corresponding histogram of the grain size distribution and cumulative distribution function along with the average grain size. Figures on the right represents the

corresponding histogram of the misorientation distribution and the cumulative distribution function along with the percentage of HAGB and LAGB.
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Fig. 5(c) represents the microstructure after the fourth pass of I-

ECAP processing in the flow plane. The microstructure has significantly

changed from the first pass microstructure as the banded nature has

been lost completely alongside the tilted material flow pattern. It is

observed that a great amount of grain refinement has taken place, this is

confirmed by the almost non-existence of elongated grains and the

domination of equiaxed fine grains.

Fig. 5(d) shows the EBSD microstructure after six passes, notice the

use of higher magnification evident by 5 µm scale bar compared to

20 µm in previous three images. The grains are mostly equiaxed in

morphology with the formation of UFG structure, however it is seen

some grains are slightly elongated and generally oriented to the billet

extrusion direction, considered to be the characteristic of route BC [9].

Although tremendous grain refinement has taken place, it seems that

with further passes more refinement in grain size is possible.

Fig. 6(a–d) shows grain boundary maps of the IPF maps presented in

Fig. 5(a-d). In these figures, the light blue lines represent the low angle

grain boundaries (LAGB) with misorientation angle (θ) between 1.5 and

15°, whereas the thick red lines represent the high angle grain

boundaries (HAGB) with misorientation angle (θ) greater than 15°.

The figure on the left of each grain boundary map shows the

corresponding histogram of grain size (equivalent circle diameter) with

the solid line representing the cumulative grain size distribution

function. The figure also includes the value of calculated average grain

size. Accordingly, the figure on the right of each grain boundary map

shows the corresponding histogram of grain misorientation with the

solid line representing the cumulative grain misorientation distribution

function. The figure also includes the calculated fraction of LAGB and

HAGB in percentage. Note that, 1P, 2P, 4P and 6P in the Fig. 6(a–d)

represents the respective I-ECAP pass numbers.

These plots demonstrate a very clear evolution of microstructure in

the flow plane with increasing number of passes. In general, the grain

size histogram shows that the bars are shifting towards the left,

indicating the increase in grain refinement achieved after subsequent

processing. Moreover, the grain misorientation histogram reveals that

the fraction of HAGB is gradually increasing with increasing number of

passes in the flow plane.

The grain boundary map in Fig. 6(a), confirms the existence of

mostly elongated grains with small fraction of fine grains in the

microstructure. There is some evidence of these fine grains alongside

with grain boundary of larger elongated grains. The corresponding

grain size histogram of Fig. 6(a) reveals a tiny fraction of grains which

are above 20 µm. This confirm the presence of pre-existing deformation

free coarse grains which were seen as an elongated grain (circled as 1)

in the Fig. 5(a). The grain boundary map also reveals that the

microstructure has mostly low angle grain misorientations, as evident

by the abundance of blue lines after the first pass of I-ECAP. The

corresponding grain misorientation histogram confirms this as well. By

examining the grain boundary misorientation histogram carefully,

twinning behaviour during the deformation can be observed. The

histogram shows a noticeable peak of misorientation at around 85°,

which would indicate that these boundaries corresponds to the {1012}

tensile twin boundary [22]. There is also a minor peak in the

misorientation histogram at ~65°, signalling that the {1122} twins

were also operative during deformation. Twinning behaviour will be

discussed further in the following section.

The grain boundary maps after second pass in Fig. 6(b) shows that

the grains have been further refined with more than 90% of the grains

smaller than 10 µm and with 40% of the grains between 0.7 and 2.0 µm

size. The fraction of elongated grain has been reduced considerably.

Careful observation of the grain boundary maps reveals that some of the

grains contains incomplete HAGB segments, the individual location of

these incomplete HAGB are pointed by a black arrow. These HAGB does

not seems to be fully enclosed. These boundary segments are believed

to be arising due to continuous dynamic recrystallization (CRDX)

process. It is also seen that the fraction of LAGB has been reduced

whereas the fraction of HAGB has been increased, compared to the first

pass. Similar to first pass, the corresponding histogram for the second

pass also shows a misorientation peak around 85°, which would

indicate the presence of {1012} tensile twins. However, the peak around

~65° misorientation has been reduced, indicating a much decreased

activity of {1122} twins.

Fig. 6(c), which represents the grain boundary map after fourth

pass, shows that majority of grains have been refined, with close to 80%

of the total area fraction between 1 to 4 µm. As can be seen, the grains

are now mostly equiaxed and the size distribution is becoming

homogenous. Examination of the corresponding misorientation histo-

gram does not show any preferential peak for suspected twins. This is

consistent with the experimental results reported in literature, whereby

finer sized grains hinder deformation twinning [48]. As the grain size

decreases the stress required to activate deformation twinning increases

greatly compared to the stress required for slip type dislocations [49].

Therefore for higher passes as the grain size continue to decrease,

deformation by slip mode becomes more favourable.

Fig. 6(d) continue to exhibit the remarkable trend towards grain

refinement; notice again the use of a higher magnification image. The

average grain size after six passes have reduced the initial size of 20 µm

to 1.3 µm only. Moreover, the percentage fraction of HAGB has been

increased to 51%. It is also interesting to note from the grain boundary

map, that the sub-grains formed having LAGB have mostly clustered

towards the HAGB. As explained in detail later, this is a feature of

CDRX, whereby, existing HAGB act as nucleating sites for sub-grain

formation.

3.2.2. Transverse (X) plane

In order to study the homogeneity of microstructure during I-ECAP

processing, the microstructure is also analysed in the transverse plane.

Fig. 7 shows the coloured IPF maps obtained using SEM-EBSD

technique, representing the evolution of microstructure and deforma-

tion characteristics in the transverse (X) plane of the CP-Ti samples,

subjected to (a) first (b) second (c) fourth and (d) sixth pass of I-ECAP

process. The TD and ND directions are shown in Fig. 7(a) and are

applicable to all the IPF maps in transverse plane.

IPF map of the sample subjected to first pass in the transverse plane

is shown in Fig. 7(a), it differs immensely from the microstructure

observed in the flow plane (Fig. 5(a)). There is no tilt in material flow

along any direction and as a consequence there is no occurrence of

elongated grains. Unlike in the flow plane, here majority of the grains

are more or less equiaxed in morphology with the boundaries of some

grains decorated by fine grains. Evidence of some twin boundaries is

also seen in the microstructure. The microstructure can be regarded as

being highly anisotropic (heterogeneous), because it consists of large

grains, fine grain and twins after the first pass.

IPF map in Fig. 7(b) reveals further grain refinement of the

microstructure after second pass. As expected, material flow is observed

at a tilt (see the black arrows), this is consistent with second pass

processing with route BC in the transverse plane [9]. It is also observed

that most of the larger grains have been broken down into fine grains

with size range of 1–5 µm (Fig. 8(b)). The heterogeneity of the

microstructure in terms of grain size has been greatly reduced.

However, most of the grains after second pass are in green colour

which suggests that the crystallographic orientation is close to pyrami-

dal (2110) plane.

Fig. 7(c) represents the microstructure after the fourth pass of I-

ECAP processing. It is seen that the microstructure has been again

completely transformed compared to after the first pass. After fourth

pass, there is abundance of fine grains which results in a relatively

homogenous microstructure. Majority of the grains after the fourth pass

are still green in colour, however careful examination of the micro-

structure reveals that colour code of the fine grains is different from

green. This suggests that the new grains which are being formed as a

result of grain refinement process have mostly HAGB.
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Fig. 7(d) shows the EBSD microstructure after the sixth pass. To

better appreciate the fine grain structure, higher magnification is

employed again as evident by 5 µm scale bar compared to 20 µm in

previous three images. The grains are mostly equiaxed in morphology

with the formation of UFG structure. Weakening of the texture has

however taken place due to the significant grain refinement in grain

sizes as evident by the variation of colour across the grains in

microstructure.

Fig. 8(a–d) shows grain boundary maps of the IPF maps presented in

Fig. 7(a-d). As previously presented, the figure on the left of each grain

boundary map shows the corresponding histogram of grain size

(equivalent circle diameter) with the solid line representing the

cumulative grain size distribution function. The figure also includes

the value of calculated average grain size. Accordingly, the figure on

the right of each grain boundary map shows the corresponding

histogram of grain misorientation with the solid line representing the

cumulative misorientation distribution function. The figure also in-

cludes the values of calculated fraction of LAGB and HAGB in

percentage.

As was the case in microstructure in the flow plane, the plots here

also demonstrate a very clear evolution of microstructure in the

transverse plane with increasing number of passes. As previous, in

general, the grain size histogram shows that the bars are shifting

towards the left, indicating level of grain refinement achieved after

subsequent processing. On the other hand, the misorientation histo-

gram is gradually shifting towards the right, indicating the increase in

fraction of HAGB with increasing number of passes.

Fig. 8(a) represents the grain boundary map after the first pass of I-

ECAP process. It is evident that although the microstructure is hetero-

geneous (coarse and fine grains co-existing), still majority of the grains

are equiaxed in morphology. Moreover, formation of fine grains around

the grain boundaries (necklace structure) is apparent as well. These fine

grain contributing to the formation of necklace structure are less than

2 µm in size and account for 20% of the area fraction after the first pass.

It is very interesting to mention that the grain boundary map analysed

for the sample in the transverse plane prior to any processing, displayed

Fig. 7. Coloured inverse pole figure (IPF) maps obtained from EBSD analysis showing the evolution of microstructure and deformation characteristics in processed CP-Ti grade 2 samples

in the transverse (X) plane after (a) first, (b) second, (c) fourth, and (d) sixth pass of I-ECAP process at 300 °C using Φ=120° angle die. The colour corresponds to the crystallographic

orientation shown in the standard stereographic triangle. Colour variations within grains qualitatively represent differences in internal misorientations. Note that scale bar used in (a) to

(c) is 20 µm whereas in (d) is 5 µm, due to high magnification image. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 8. EBSD based grain boundary maps of CP-Ti grade 2 samples in the transverse (X) plane after the (a) first (b) second (c) fourth and (d) sixth pass of I-ECAP process at 300 °C using

Φ=120° angle die. Here blue lines represent low angle grain boundaries (LAGB) between where 1.5°≤θ≤15°, whereas red lines represent the high angle grain boundaries (HAGB) where

θ>15°. Figure on the left represents the corresponding histogram of the grain size distribution and cumulative distribution function along with the average grain size. Figures on the

right represents the corresponding histogram of the misorientation distribution and the cumulative distribution function along with the percentage of HAGB and LAGB.
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an even distribution of LAGB across the entire scanned area including

within the grains. However, it is seen that after the first pass, the LAGB

are starting to cluster around the HAGB of large grains to form sub-

grains. The corresponding misorientation histogram again suggests the

presence of {1012} and {1122} twins because of the observed peaks

around 85 and 65° misorientation angle, respectively.

The grain boundary maps after the second pass in Fig. 8(b) shows

grain refinement in action, with the formation of large regions of fine

grains. Here grains less than 2 µm in size occupy 45% of the total area

fraction. This is reflected by the sharp initial rise in the black line

representing the cumulative distribution function. The grain boundary

maps again reveals that some of the grains contains incomplete HAGB

segments (pointed by black arrows). In terms of the twinning, similar

behaviour is observed as flow plane sample. The peak around 65° has

diminished, with a peak (although reduced) still exists around 85°

misorientation. This suggest that there is some fraction of {1012} twins

in the microstructure. However interestingly after the second pass as

the microstructure is refined, it appears that LAGB have been re-

distributed fairly evenly across the whole scanned area including inside

of the grains (compare the blue background in Fig. 8(b) with Fig. 8(a)).

This indicates increase in the number of sub-grain formation. Also, as

seen by the grain misorientation histogram that although the overall

fraction of LAGB has remained same at 64%, the fraction of sub-grains

with LAGB less than 5° has actually slightly decreased and LAGB

between 5° and 15° has slightly increase, compared to the first pass.

Fig. 8(c), which represents the grain boundary map after the fourth

pass, shows that the majority of grains have been refined. Similar to the

flow plane, up to 80% of the grain size fraction lies between 1 to 6 µm.

The grain misorientation histogram shows a reduction in percentage of

LAGBs and an increase in HAGBs. Moreover, there are no noticeable

peaks at misorientation angles corresponding to any twins, which again

suggests that there is no noticeable twins fraction present in the

microstructure as the grain size is refined.

Finally, the grain boundary map following the sixth pass as shown

in Fig. 8(d) displays substantial further grain size refinement. The

fraction of grains above 2 µm has been greatly reduced with only less

than 15% accounting for larger size. The average grain size in the

transverse plane after the six passes of processing have been reduced

from an initial size of 22 µm to 1.1 µm only, with an increase in HAGB

as indicated by the misorientation histogram. It is again interesting to

note from the grain boundary map, that the LAGBs have been

significantly reduced and they are again mostly accumulated in the

vicinity of HAGB.

3.3. Texture evolution with subsequent passes

3.3.1. Flow plane

Evolution of crystallographic textures was tracked by obtaining pole

figures via EBSD analysis after I-ECAP processing. Fig. 9 shows the

experimental textures recorded on basal (0001), prismatic (1010) and

pyramidal (1120) crystallographic planes of the CP-Ti samples in the

flow plane, processed though (a) first, (b) second, (c) fourth and (d)

sixth pass of I-ECAP process, respectively. The texture intensities are

represented by the colour scale bar corresponding to the representative

pole figure. These pole figures have been recorded at the same

measurement areas where the IPF maps shown in Fig. 5 were obtained.

As evident by the pole figure in Fig. 9(a), the off-basal texture

present in the unprocessed material as seen in Fig. 4(a) has been

weakened, this is mainly due to the significant changes in microstruc-

ture caused by shear deformation in first pass processing. The peak

intensity value in Fig. 9(a) is considerably lower than in Fig. 4(a). This

intensity however gradually increases with increase in number of

passes, reaching a maximum strength after the fourth pass (see the

maximum value in the colour scale bars).

In particular it is also seen that the basal texture is dominant after

the second and the fourth pass processing, see the (0001) pole figures

provided in Fig. 9(b) and (c). Most of the grains in the scanned area

shown by IPF maps in Fig. 5(b) to (c) are also seen to be red in colour,

which indicates the development of stable orientation during shear

deformation towards basal. Fig. 9(b) which represents the pole figures

after second pass processing revealed the development of basal fibre

{0001}<1120 >as a prominent texture component. Possible texture

components and their characteristics in the case of HCP materials are

listed in Table 2 in [50]. In addition to that, based on the pole figures

after the second pass suggests that majority of the grains reoriented

their c-axis parallel to TD. Moreover the<1120 >direction and the

{1010}planes of the grains on the flow plane becomes parallel to shear

direction and shear plane, respectively. Beausir et al. [51] identified

five ideal shear texture components (P, B, Y, C1 and C2) in the case of

HCP materials subjected to ECAP process. (1010) and (1120) pole figures

of the second, fourth and sixth pass samples also shows the develop-

ment of ideal shear texture components. Increase in the intensities close

to ideal locations on the pole figures confirmed the development of P

fibre. Note that the positions are slightly rotated from the ideal

locations as indicated by dotted lines in (1010) pole figure, this is

consistent with the finding reported in [51] after second pass and

beyond. There is also some evidence of the formation of B fibre

component after sixth pass (see (1010) plane pole figure in Fig. 9).

Among the five ideal shear texture components P and B are known to

occur more commonly during ECAP of HCP materials [52].

Development of six clusters at an angle interval of 60° is noticed in

the (1010) and (1120) pole figures of the second, fourth and sixth pass

samples in Fig. 9(b) to (d). It was reported that these clusters are

introduced by the crystallographic symmetry of {1010} family of planes

(six) and<1120 >family of directions (six) in the case of pure titanium

subjected to shear deformation [53]. Slight reduction in the intensity of

texture is observed after the sixth pass which indicates weakening of the

texture. This is also supported by the IPF map in Fig. 5(d), which shows

the reduction in the fraction of grains in red colour. Formation of fine

grains with HAGB after the sixth pass is attributed to this.

3.3.2. Transverse plane

Fig. 10 shows the experimental textures recorded on basal (0001),

prismatic (1010) and pyramidal (1120) planes of the CP-Ti samples along

transverse plane, processed through (a) first, (b) second, (c) fourth and

(d) sixth pass of I-ECAP process, respectively. These pole figures have

been recorded at the measurement locations similar to the IPF maps in

Fig. 7.

After the first pass, in contrast to the flow plane pole figures which

showed a decrease in peak intensity values compared to the unpro-

cessed material, here the values have actually increased. This was also

observed by the presence of mostly green coloured grains as shown in

Fig. 7(a), which indicates strengthening of texture after the first pass.

After the second pass, it is seen that the peak intensity does not change

much in value. However, the peak intensity value reaches a maximum

after the fourth pass, whereby texture is strengthened drastically

followed by significant weakening after the sixth pass. This is also

confirmed by the presence of mostly green coloured grains as seen in

Fig. 7(c), followed by the formation of new fine grains of random

orientation after sixth pass (Fig. 7(d)).

The pole figures also confirms the development of {1120} fibres.

These fibres here started to evolve after the second pass and are seen to

be getting stronger up to fourth pass. Compared to the second pass pole

figures, the three pole figures in Fig. 10(c), shows that the intensity of

the peaks are now appearing at ideal locations of the fibre texture

components. Normally the {1120} fibres in HCP materials are expected

to occurs at certain ideal location irrespective of the c value as reported

in [50].
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4. Discussion

4.1. General characteristics of microstructure through 1–6 passes

The study provides a thorough investigation documenting the

microstructural and textural evolution in CP-Ti grade 2 billets subjected

to six passes of I-ECAP at 300 °C using a die with Φ=120° following

route BC. Exceptional grain refinement was achieved in both flow and

transverse plane of the samples. To appreciate the level of grain

refinement during the I-ECAP process, Fig. 11 presents the average

grain size prior to any processing and after subsequent I-ECAP proces-

sing in (a) flow and (b) transverse planes, respectively. The average

values were obtained from the histogram of grain size distribution

(Figs. 6 and 8) following the EBSD analysis. The error bars in the graph

represents the standard deviation, which is an indication of the level of

dispersion in the grain size from the average value. These figures

confirm the remarkable microstructural changes taking place during

the I-ECAP process. The graphs display the grain refinement taking

place as the number of passes increase, evident by the rapidly

decreasing average grain size value. More importantly, it also displays

that the size of the error bars is decreasing considerably with

subsequent processing. This highlights that the microstructure is

evolving into a more homogenous state after each pass.

It is convenient to define a refining factor (η) to understand the

Fig. 9. Experimental pole figures illustrating the evolution of texture on the 0001 (left),1010 (middle) and1120 (right) planes in processed CP-Ti grade 2 samples in the flow (Y) plane after

(a) first, (b) second, (c) fourth and (d) sixth pass of I-ECAP process at 300 °C using Φ=120° angle die. The texture intensities here are represented by the colour scale bar for the

corresponding pole figure.
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efficiency of grain refinement during the I-ECAP processing, which is

given by Eq. (1) [33]:

η
d d

d
=

−0

0 (1)

where d0 and d are the average grain sizes of the previous and current

pass, respectively. The calculated values of η along both flow and

transverse planes are listed in Table 1, for subsequent passes. As can be

seen by the values, the first pass sees the highest values of η. After

which the values decrease gradually until pass four. However, it can be

seen that the value of η at the final sixth pass for both flow and

transverse planes is relatively high, this suggests that grain refinement

has not reached a saturation point. Upon further processing, even more

grain refinement is possible. This is in contrast to result reported in

[33], where processing of CP-Ti grade 2 was done up to eight passes and

saturation in η was seen after the sixth pass. The difference in die

channel of 90° and processing temperature of 450 °C used is likely to be

the reason. Overall, the η values for flow and transverse planes are more

or less similar to each other in the current study which shows that

refinement is taking place at a similar rate across both planes.

For bulk UFG materials, it is not only enough to achieve extreme

grain refinement, the microstructure should also consist of grains with

mostly HAGB [54]. The high fraction of HAGB in UFG material is

important in order to achieve advanced and unique properties [55]. To

access the evolution of misorientation during I-ECAP processing, two

measures; average misorientation and the fraction of HAGB as a

Fig. 10. Experimental pole figures illustrating the evolution of texture on the 0001 (left), 1010 (middle) and 1120 (right) planes in processed CP-Ti grade 2 samples in the transverse (X)

plane after the (a) first, (b) second, (c) fourth and (d) sixth pass of I-ECAP process at 300 °C using Φ=120° angle die. The texture intensities here are represented by the colour scale bar for

the corresponding pole figure.
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function of subsequent passes are presented in Figs. 12 and 13, for the

(a) flow and (b) transverse plane, respectively. It is seen that the

average misorientation in the flow plane increases gradually over the

subsequent passes, with a maximal value reaching 33° in the end.

Meanwhile, in the transverse plane, the value initially rises sharply

after the first pass and does not changes much until the fourth pass.

Beyond fourth pass the value rises rapidly and reaches a relatively high

average misorientation value of 47° in the sixth pass. Regarding the

percentage fraction of HAGBs in the flow plane, the value is seen to

increase gradually except between second and fourth pass, where there

is a jump of 10% in the fraction of HAGBs. Fraction of HAGB in the

transverse plane displays a similar trend as the average misorientation.

Here again, there is an increase beyond the fourth pass with the HAGB

fraction abruptly increasing by as much as 25% and reaching a

considerably high value of 66% after the sixth pass. In general, it is

seen that both the value of average misorientation and the fraction of

HAGBs are considerably higher in the transverse plane.

4.2. Mechanism of grain refinement

4.2.1. Twinning

Pure Ti has an axial (c/a) ratio of 1.587, which is markedly different

from the ideal value of 1.633 for HCP crystal structure. This along with

the limited slip systems present in its crystal lattice results in a complex

deformation mechanism consisting of both slip and twinning modes.

Studies have shown that the microstructural evolution of CP-Ti during

ECAP is quite different compared to FCC and BCC metals [56]. During

ECAP deformation, cubic metals normally form shear bands due to slip

being the dominant deformation mechanism. However in CP-Ti, twin-

ning has been observed to accommodate the plastic deformation during

ECAP [27–30]. On application of stress, perpendicular to the basal

plane during deformation, the role of twinning in HCP metals is to

orient substantial portions of the grain along twin orientation. A slip

type deformation is then possible along any favourable re-orientations

[57]. Moreover, as twinning alone cannot accommodate the large

plastic strain during ECAP, it is normally accompanied by dislocation

slip.

As mentioned earlier, most of the work related to studying grain

refinement mechanism during ECAP of CP-Ti has relied on TEM.

Although TEM is a powerful tool for analysing the microstructure,

however, the scan area under observation is limited in size. Therefore,

the mechanism observed can just be local and may not entirely

represent the general deformation behaviour. It was only recently

when studies conducted by Chen et al. [31–33] and Meredith et al.

[34] using SEM-EBSD, established CDRX alongside twinning during the

initial passes of the ECAP process. In the last decade, EBSD measure-

ment technology has evolved considerably. The advantage of using

Fig. 11. Average values of grain size in CP-Ti grade 2 samples in the (a) flow (Y) and (b) transverse (X) plane, before and after subsequent I-ECAP processing at 300 °C using Φ=120°

angle die.

Table 1

Grain refining factor (η) at subsequent I-ECAP pass.

I-ECAP pass

#

Equivalent strain

(εeq)

Refining factor (η)

Flow (Y)

plane

Transverse (X) plane

1P 0.67 0.68 0.70

2P 1.34 0.27 0.42

4P 2.68 0.19 0.18

6P 4.02 0.64 0.65

Fig. 12. (a) Average values of grain misorientation in CP-Ti grade 2 samples in the (a) flow (Y) and (b) transverse (X) plane, before and after subsequent I-ECAP processing at 300 °C using

Φ=120° angle die.
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EBSD is the ability to scan large areas for observing and quantitatively

analysing the LAGBs, HAGBs, grain size and evolution of texture, as

presented in this work. Moreover, statistical analysis of the boundary

misorientation data can reveal presence of twin fraction in the

microstructure. The {1012} and {1121} tensile twins are associated with

misorientation peaks around 85 and 35° misorientation angles, whereas

{1011} and {1122} compressive twins are associated with peaks around

57 and 65° angles, respectively [22]. Here the term compressive and

tensile relates to the contraction and extension of c-axis in the HCP

crystal.

Twinning during the first pass is evident as the microstructure

obtained in both flow and transverse plane is heterogeneous and have

high anisotropic grain morphology. Similar microstructural results

were obtained in [47], which reported twinning to be active alongside

slip during the first pass. Compared to FCC materials such as Alumi-

nium where twinning does not exist, all grains are extremely elongated

and forms shear bands after the first pass [58].

In the present study, the grain misorientation histogram obtained

from the samples after first pass of I-ECAP in the flow and transverse

planes, shows peak around 85° and a minor peak around 65° misor-

ientation angle, suggesting the presence of {1012} and {1122} twins,

respectively. To establish the occurrence of twinning during I-ECAP of

CP-Ti, detailed analysis is presented using a high magnification band

contrast image from the first pass sample in the flow plane, shown in

Fig. 14(a). As evident by the image, {1012} tensile twin (TT) and {1122}

compressive twin (CT) type were activated in the microstructure,

boundaries of which are shown as red and blue colour, respectively.

Fig. 14(b) and (c) presents an enlarged IPF map of selected region to

show the boundaries of CT and TT twin types. Fig. 14(d) shows the

grain misorientation histogram of the microstructure, the preferential

misorientation peak for the contribution of twins are again noticed at

around 65° and 85°. The corresponding inverse pole figure at 65°± 5°

shows cluster of misorientation axes about 1010 which confirms

{1122} twin boundary. Similarly, the corresponding inverse pole figure

at 85°± 5° shows cluster of misorientation axes about 2110 which

confirms {1012} twin boundary. Note that in Fig. 14(b) and (c), the twin

boundaries appearing inside the grains are HAGB, therefore they seems

to be dividing the grain from the inside. By doing so, they are playing a

key role in the grain refinement process.

In comparison to {1012} twins, the fraction of {1122} twins is much

smaller during the first pass. According to the literature survey, the

presence of {1122} twins was only reported very recently by Meredith

et al. [34], who provided some evidence for the existence of such twins

following EBSD analysis of the first pass microstructure. Similar to

current results, the fraction of {1122} twins observed was very low in

that study. Therefore, although twinning act as a dominant deformation

mechanism during the initial passes of I-ECAP, compared to {1122}

twin, the {1012} twin specifically play a greater role in the grain

refinement process of CP-Ti.

Other studies on ECAP of CP-Ti have reported the presence of {1011}

twins during the first pass [27,30,33], such twins were not observed in

the present study. {1012} twins observed here, were previously reported

to be found in small fraction during the first pass processing of CP-Ti

alongside {1011} twins [33]. Analysis of the second pass microstructure

in [34], suggested small occurrence of {1012} twin boundary as well.

Moreover, during the 3/4th pass, a weak presence of such twins were

also observed to accommodate the deformation strains [31,32]. Since

{1011} twin is known to occur at above 400 °C [57], it is believed that

due to the use of a lower processing temperature of 300 °C compared to

the above mentioned studies, {1011} twin is not found in the present

study.

With the evolution of microstructure after second pass, twinning

activity is greatly suppressed. As the microstructure is refined, the

{1122} twins are no longer apparent in the misorientation histogram.

The 85° peak relating to the {1012} is also greatly suppressed after

second pass. This indicates that beyond second pass as the grain size is

decreasing, slip is becoming the dominant deformation mechanism. The

{1122} twin has been shown to be very sensitive to grain size [22],

which explains its early demise compared to {1012} twin in the present

study. With subsequent processing and grain refinement in fourth pass

and beyond, the {1012} twin activity is also no longer noticeable. This is

consistent with other studies on conventional ECAP processing on CP-

Ti, which also claimed that deformation by twinning was replaced or

taken over by deformation by slip after the initial passes [29,59,60].

It is generally accepted that the twinning activity in titanium is

strongly dependent on the grain size, it decreases with the reduction in

grain size [61]. It is important to highlight, that although twinning has

been observed during I-ECAP processing of titanium but compared to

room temperature deformation of titanium [22,61], the overall fraction

of twinning observed here is significantly lower. This is attributed to the

use of elevated temperature processing at 300 °C, which would facil-

itate slip type deformation.

4.2.2. Continuous dynamic recrystallization (CDRX)

Titanium is considered to be a high stacking fault energy (SFE)

metal and is expected to display CDRX during elevated temperature

deformation. Plastic deformation stimulates activation of different

dislocation sources within the pre-existing grains which leads to an

increase in the dislocation density. CDRX, is a recovery dominated

process, whereby these dislocations produced by deformation are

progressively accumulated within the grain interior to form sub-grains

with LAGBs. As the straining continues, the sub-grains rotates and the

misorientation increases. Upon reaching a cut-off value of 15°, results in

the formation of new smaller grains surrounded by HAGBs [62].

Fig. 13. (a) Percentage fraction of high angle grain boundaries (HAGB) in CP-Ti grade 2 samples in the (a) flow (Y) and (b) transverse (X) plane, before and after subsequent I-ECAP

processing at 300 °C using Φ=120° angle die.
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Studies have shown that large differences in misorientation angles

measured within grains are the driving force for CDRX [31,34]. Careful

examination of the grain boundary maps obtained via EBSD analysis

(Figs. 6 and 8), revealed existence of several incomplete HAGB

segments (which do not form a fully enclose grain). The occurrence

of such incomplete HAGB segments found in the microstructure is a

strong indication of CDRX process taking place during I-ECAP proces-

sing of CP-Ti. To investigate the occurrence of CDRX in the present

study, a high magnification EBSD map is generated from the second

pass processed sample in the transverse plane, as shown in Fig. 15(a). In

the EBSD map, the thin blue lines represent the LAGBs with misorienta-

tion angle θ between 1.5–15°, whereas the thick black lines represent

the HAGBs with θ greater than 15°. Here the incomplete HAGBs can be

seen clearly as indicated by arrows.

These incomplete HAGBs have evolved from the LAGBs of sub-

grains by the progressive accumulations of dislocations near the

existing HAGB boundaries. Careful analysis of two of these incomplete

HAGBs, labelled as L1 and L2 in Fig. 15(b) and (c), respectively, reveals

that the misorientation is just over 15°. This confirms that these HAGBs

have evolved from LAGBs. Further accumulation of dislocation in

subsequent passes will lead to the extension of these incomplete HAGBs

segments to form fully enclosed refined grains.

Another characteristic feature associated with CDRX is the forma-

tion of necklace structure, i.e. fine grains decorated around the coarse

grains [31]. Fig. 15 also shows that most of the LAGBs (subgrains)

development is around HAGBs. Since existing HAGBs act as nucleating

sites for subgrains, it is expected that the grain refinement takes place at

the exterior of coarse grains and spreads towards grain interior [34].

Based on the observations in the results section, the microstructural

evolution and grain refinement of CP-Ti is dependent on twinning

alongside CRDX during I-ECAP. Also it is observed that the shearing

characteristics of I-ECAP is very similar to conventional ECAP process

and therefore is an effective technique for refining grain structure in

CP-Ti.

Fig. 14. (a) EBSD band contrast image of the CP-Ti grade 2 sample in the flow (Y) plane after the first pass of I-ECAP, showing the formation of twin boundaries. The {1012} tensile twin

(TT) and {1122} compressive twin (CT) boundaries are shown in red and blue colour, respectively; (b) and (c) magnified IPF map of two selected regions, showing CT and TT twin types,

respectively and (d) corresponding misorientation histogram and inverse pole figures showing the misorientation axis for grain boundaries of selected twin boundary misorientation

angles of 65 and 85°. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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5. Conclusion

In this study, the CP-Ti grade 2 billets were subjected to a total of six

passes of I-ECAP process at 300 °C following route BC, using a Φ=120°

angle die. The evolution and deformation characteristics of the micro-

structure was studied and tracked by using relatively large scan areas

obtained via EBSD in both flow and transverse plane of the processed

billet. Texture development through subsequent processing was also

investigated using pole figures in both planes. Remarkable refinement

was achieved with subsequent processing, with majority of the grains

converted into ultrafine grain size having HAGB after the sixth pass.

The following conclusions are drawn from the investigation.

1. Microstructure after the first pass was heterogeneous, which con-

sisted of elongated, fine and a small fraction of undeformed pre-

existing grains. Moreover, the grain misorientation histogram from

both planes, showed peaks around 85 and 65° which highlighted the

presence of {1012} twins and {1122} twins in the microstructure.

Beyond the second pass, twinning activity was greatly suppressed

with only a very small fraction of {1012} twins appearing in the

microstructure. Detailed analysis also confirm the presence of

twinning in the microstructure after initial passes.

2. Pole figures indicated that the strength of basal texture increased

during processing up to fourth pass, beyond which it is seen to be

weakened due to significant grain refinement. Texture development

shows the formation of P fibre texture components as a result of

shear deformation.

3. Strong evidence of continuous dynamic recrystallization (CDRX) is

seen with the occurrence of incomplete HAGB segments during

subsequent processing. It is believed that {1012} twinning alongside

CDRX is present during the first two passes of I-ECAP, beyond which

slip is the dominant grain refinement mechanism.

4. Finally, the shear deformation characteristics of I-ECAP process is

very similar to ECAP process. Moreover, I-ECAP process is found to

be an effective method in refining grain structure in CP-Ti.
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Fig. S1. I-ECAP tooling.

Muhammad Jawad Qarni,  Giribaskar Sivaswamy,  Andrzej Rosochowski,  Sonia Boczkal

On the evolution of microstructure and texture in commercial purity titanium during multiple passes of incremental equal 

channel angular pressing (I-ECAP)

Materials Science and Engineering: A, Volume 699, 2017, 31–47

http://dx.doi.org/10.1016/j.msea.2017.05.040



Fig. S2. LabVIEW application for I-ECAP process.
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Fig. S3. I-ECAP processing.
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Fig. S4. Billets coming out of die.
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Fig. S5. CP Ti billets.
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Fig. S6. SEM-EBSD.
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