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a b s t r a c t

High-resolution electron back-scatter diffraction (EBSD) analysis was employed to establish mircos-
tructure evolution in heavily cold-rolled alpha-titanium. After thickness reductions of 75% to 96%,
significant microstructure and texture changes were documented. The surface area of high-angle grain
boundaries was almost tripled, thus giving rise to an ultra-fine microstructure with a mean grain size of
0.6 μm. Moreover, orientation spread around typical ‘split-basal’ rolling texture substantially increased.
These effects were suggested to be related to the enhancement of pyramidal 〈cþa〉 slip.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The mechanical properties of metallic materials may be
improved considerably by microstructure refinement. To attain a
very fine structure with a grain size less than one micrometer, a
variety of techniques based on severe deformation at low tem-
peratures, such as high-pressure torsion, equal-channel angular
extrusion, and ‘abc’ forging, are commonly used [1]. For
commercial-purity titanium, it has been found, however, that the
refinement imparted by these techniques is comparable to that
produced by conventional cold rolling [2]. Such a finding has
spurred a renewed interest in microstructure evolution during
cold rolling of this material.

Microstructure evolution during rolling to relatively low thickness
reductions (r40%) has been shown to be markedly influenced by
mechanical twinning [3–8]. Extensive development of both com-
pressive f1122g〈112 3〉 and tensile f1012g〈101 1〉 twins during roll-
ing leads to rapid grain refinement [3–7]. On the other hand, grains
favorably oriented for prism slip tend to remain untwinned [4,6]. This
behavior gives rise to a bimodal grain structure consisting of fine-
grained (twinned) and coarse-grained (untwinned) areas [6].

At relatively large thickness reductions (Z40%), grain refine-
ment suppresses twinning activity, and slip becomes the dominant
deformation mode [9,10]. Microstructure formation at these large
strains has been hypothesized to be largely controlled by the
development of deformation-induced dislocation boundaries [5,8],
but the details of this process are not clear. The objective of the
present investigation, therefore, was to develop an understanding
of microstructure evolution during cold-rolling of alpha titanium
to large strains.

2. Material and procedures

The material used in the present investigation was commercial-
purity titanium whose nominal chemical composition is given in
Table 1. The as-received material was pre-conditioned by severe
‘abc’ forging at temperatures in the range of 600–400 1C followed
by annealing at 800 1C for 1 h. This produced a fully recrystallized
structure with a mean grain size of �35 μm, a large fraction (85%)
of high-angle boundaries, and a moderate crystallographic texture
with (0002) basal planes inclined by �451 to a rolling plane
(supplementary data, Fig. S1).

Rolling samples measuring 30 (length)�10 (width)�3 (thick-
ness) mm3 were machined from the recrystallized material. They
were rolled at ambient temperature using a thickness reduction
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per pass of 10%. to an overall total reduction of 25%, 50%, 75%, or
96%. using a rolling speed of 30 mm/s in a cluster mill with 65-mm
diameter work rolls. To maintain consistency with the scientific
literature, the typical flat-rolling convention was adopted in this
work; i.e., the rolling, long-transverse, and thickness/normal
directions were denoted as RD, TD, and ND, respectively.

Microstructure characterization was performed primarily via
electron backscatter diffraction (EBSD) examination of the mid-
thickness rolling plane (containing the RD and TD). For this
purpose, samples were prepared using conventional metallo-
graphic techniques followed by long-term (24 h) vibratory polish-
ing with a colloidal-silica suspension. EBSD analysis was
conducted with a JSM-7800F field-emission gun, scanning electron
microscope (FEG-SEM) equipped with a TSL OIM™ EBSD system.
To examine microstructure and texture evolution at different
scales, several EBSD maps were acquired for each material condi-
tion (Table 2). For each diffraction pattern, nine Kikuchi bands
were used to index the orientation thus minimizing the possibility
of errors. The average confidence index (CI) for EBSD maps ranged
from 0.2 to 0.64 (Table 2). By comparison, experiments on face-

centered cubic materials have shown that the fraction of correctly
indexed patterns with CIs greater than 0.1 is 95% [11]. Non-
indexed data points as well as points with low CI (r0.1) were
usually associated with grain-boundary regions. Grains comprising
3 or fewer pixels were automatically cleaned in the EBSD maps
using the grain-dilation option in the TSL software. In addition, to
eliminate spurious boundaries caused by software limitations, a
lower-limit boundary misorientation cut-off of 21 was used.

A 151 criterion was used to differentiate low-angle boundaries
(LABs) and high-angle boundaries (HABs). Because the microstruc-
tures developed at large strains are frequently characterized by a
complex mixture of HABs and LABs, there is often confusion in the
definition of grains. To clarify this issue, the term ‘grain’ in the
present work was applied to denote a crystallite bordered by a
continuous HAB perimeter. In all cases, the grain size was
quantified by the determination of the area of each grain and
the calculation of its circle-equivalent diameter, i.e., the so-called
grain-reconstruction method [12].

To obtain an additional insight into microstructure evolution
and material flow, the Vicker's microhardness was measured using
a load of 500 g for 10 s. At least 25 measurements were made in
each case to obtain an average value.

3. Results

3.1. Microhardness

The influence of rolling strain on microhardness is illustrated in
Fig. 1a. It is seen that the hardness doubled after rolling to 96%
thickness reduction. On the other hand, the approximate hard-
ening rate δHv/δε (where Hv is microhardness and ε is true strain)
was found to drop rapidly after a true strain of 50% (Fig. 1b). This
effect may be related to the suppression of twinning at large
strains [13] as well as with texture changes, discussed below.
Furthermore, the strain hardening rate approached almost zero at
the maximum level of deformation (Fig. 1b). This behavior may
promote instability of material flow and the formation of deforma-
tion/shear bands.

3.2. Structure morphology and grain size

Selected portions of low- and high-resolution EBSD maps
illustrating the grain structures which developed during rolling
to different thickness reductions are summarized in Figs. 2–4. In
the orientation maps shown in Figs. 2 and 3b, grains are colored
according to the orientation of the local sample normal direction
relative to the crystal coordinate system. In the grain-boundary

Table 1
Nominal chemical composition (wt%) of program material.

Al Fe O Si C N H other Ti

0.30 0.30 0.20 0.10 0.07 0.04 0.01 0.30 Bal.

Table 2
EBSD measurements.

Material
condition

Scan step
size (μm)

Map area
(mm2)

Average
confidence index

Number of
grains

Unrolled material 5.0 64.40 0.55 52,689
0.1 0.08 0.64 243

25% reduction 1.0 6.00 0.56 29,060
0.1 0.09 0.56 7970

50% reduction 0.5 1.00 0.41 65,304
0.1 0.09 0.45 16,052

75% reduction 0.5 1.03 0.18 130,940
0.1 0.02 0.32 7299

96% reduction 0.2 0.15 0.20 145,839
0.1 0.01 0.23 17,317

Fig. 1. Effect of rolling strain on microhardness (a) and hardening rate (b). In (a), error bars show standard deviation.
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maps in Fig. 4, LABs, HABs, 651〈1010〉 and 851〈21 10〉 boundaries
are depicted with red, black, blue and green lines, respectively. In
alpha-titanium, the two latter boundary types often outline
compression f1122g〈1 123〉 twins and tensile f1012g〈1011〉 twins,
respectively. The effect of rolling strain on grain size is given in

Fig. 5. With the exception of the unrolled material, grain size
statistics were derived from the high-resolution EBSD maps
obtained with a scan step size of 0.1 μm (Table 2). Three different
regimes of microstructure evolution were noted pertaining to
low, intermediate, and large deformations.

Fig. 2. Selected portions of low-resolution EBSD orientation maps illustrating the grain structure which developed after rolling to a thickness reduction of 25% (a), 50% (b),
and 75% (c). In the maps, grains are colored according to their crystallographic orientations relative to ND. Note difference in scales.

Fig. 3. Low resolution EBSD maps illustrating the grain structure which developed after rolling to a reduction of 96%: Kikuchi-band-contrast map (a) and orientation map (b).
In (b), grains are colored according to their crystallographic orientations relative to ND. Horizontal, dark-contrast bands seen in (a) are presumably deformation bands. Note:
brightness and contrast in both maps were adjusted to show the deformation bands more clearly. (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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3.2.1. Low strains
As expected, the microstructures in samples rolled to 25% and

50% thickness reduction were dominated by mechanical twinning
(Figs. 2a, b and 4a, b). In agreement with prior work [e.g., 4,6],
some of the grains were untwinned (or only slightly twinned) thus
creating a characteristic microstructural inhomogeneity (Fig. 2a
and b). The misorientation across the twin boundaries was
typically close to 651〈1010〉 or 851〈21 10〉 (Fig. 4a and b), thus
indicating the activation of f1122g〈112 3〉 compressive and
f1012g〈101 1〉 tensile twins, respectively. Surprisingly, the tensile
twins were often observed within compression twins (Fig. 4a) thus
presumably originating from secondary twinning [14,15]. More-
over, the misorientation of the twin boundaries was found to
deviate frequently from the exact twin-matrix relationship with
some of the boundary segments transforming into random (non-
twin) HABs; an example of an almost completely transformed

twin is circled in Fig. 4a. As described in the literature, this
phenomenon is typically attributed to strain-induced crystallo-
graphic rotation of the twin and matrix from their initial orienta-
tions [8,16].

LABs were typically found to cluster in (or near) the twinned
regions (Fig. 4a and b). This effect was presumably associated with
relatively easy slip within twinned regions [13,17,18]. The LABs
were usually short, curved, and irregular in appearance. The
specific LAB morphology suggested relatively complex slip char-
acter in the vicinity of the twins, and may be surmised to be
mandated primarily by the maintenance of strain compatibility at
twin/matrix interfaces.

The mean grain size was greatly reduced to �2 μm (Fig. 5a)
due to twinning. The grain-size distributions were relatively broad
(Fig. 5b), thus reflecting the inhomogeneous character of the
microstructure.

Fig. 4. Selected portions of high-resolution EBSD grain-boundary maps illustrating grain structure which developed after rolling to a reduction of 25% (a), 50% (b), 75% (c),
and 96% (d). In the maps, LABs, HABs, 651〈1010〉 (compressive twin) and 851〈2110〉 (tensile twin) boundaries are depicted as red, black, blue and green lines, respectively.
Note difference in scales. The reference frame for all maps is shown in the bottom right corner of (a). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 5. Effect of rolling reduction on mean grain size (a) and grain-size distribution (b). Error bars in (a) indicate the standard deviation.
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3.2.2. Intermediate strains
After rolling to a 75% thickness reduction, remnants of the

original grains disappeared almost completely from the micro-
structure (Fig. 2c). In agreement with findings in the literature [3–
10,17,18], twinning seemed to be suppressed at this level of
reduction. In addition, the twin boundaries were almost comple-
tely transformed into HABs with misorientations different from
those associated with twinning (Fig. 4c). In the relatively coarse,
untwinned regions, LABs with relatively low misorientations were
arranged as less-highly developed subgrain structures (Fig. 4c). In
contrast, boundaries in the twinned areas often acquired misor-
ientations over 151 thus transforming them into clusters of fine
grains (e.g., area circled in Fig. 4c). This shifted the peak of the
grain-size distribution toward smaller sizes (Fig. 5b). Nevertheless,
the overall global grain refinement was rather small (Fig. 5a) due
to the heterogeneity of the microstructure.

3.2.3. Large strains
The distinctive feature of the macroscale structure of material

rolled to a 96% thickness reduction was the formation of deformation
bands. In Kikuchi-band-contrast maps, these features appeared as
dark bands oriented nearly perpendicular to the RD (Fig. 3a). The
deformation bands had a somewhat specific crystallographic orien-
tation (Fig. 3a and b); this behavior is discussed in more detail in
Section 4.2.1. The thickness of individual bands was found to be
comparable to the grain size. However, several bands often clustered
together thereby producing coarser-scale features (selected areas in
Fig. 3a and b). The deformation bands were also noted by optical
microscopy (supplementary materials, Fig. S2). Deformation banding
in heavily rolled titanium is often reported in the literature [3,19]. It
has been suggested that this process facilitates strain accommodation
at large rolling strains (thus replacing twinning) [4] and may
significantly refine grain structure [3].

The microstructure after 96% thickness reduction was also
significantly changed. Most of the coarse remnants of the original
grains seen at lower strains had disappeared at this level of
deformation (Fig. 3b). This behavior narrowed the grain-size
distribution somewhat (Fig. 5b), and the microstructure thus
became more homogeneous. The evolved microstructure consisted
of irregularly shaped, coarser (�5 μm) grains elongated in the RD

intermixed with fine (o0.5 μm) equiaxed grains (Fig. 4d). Further-
more, the circle-equivalent mean grain size was reduced twofold
to �0.6 μm (Fig. 5a) relative to the structure after 75% reduction;
the mean grain size measured by the intercept method was even
smaller, i.e., �0.3 μm in the RD and 0.25 μm in the TD.

The grains contained some LAB substructure but almost no
twins (Fig. 4d). The sub-boundaries often included HAB segments;
several examples are shown by arrows in Fig. 4d. These observa-
tions suggested that microstructure development at high strains
was influenced by a LAB-to-HAB-transformation process.

3.3. Texture

Texture formation was quantified with (0002) and (1010) pole
figures (Fig. 6) derived from low-resolution EBSD maps.

After 25% reduction, the texture was dominated by what
appeared to be a ‘transient’ f0002g〈1010〉 component (Fig. 6a).
The formation of this component is described in the literature as
being due to the activation of multiple twins [6,20]. For rolling
reductions of 50% and 75%, on the other hand, a split-basal texture,
f0002g〈1010〉7301 toward the TD had evolved (Fig. 6b and c). This
is also an expected result [6–10]; this texture is believed to be
stable during rolling and originates from a balance between
twinning, prism slip, and 〈cþa〉 slip [9]. Formation of this texture
is thought to contribute (at least partially) to the rapid drop of the
strain hardening rate observed in this strain range (Fig. 1b).

After the 96% reduction, the split-texture components sharpened
substantially (Fig. 6d) and shifted slightly to produce f0002g〈1010〉
7401 toward the TD. In addition, the orientation spread around the
major split component increased toward the TD (Fig. 6d). This effect
in heavily rolled titanium has also been reported previously [5,6,21].
Although its origin is not completely clear, it is believed it may be
related with prism and pyramidal slip [22].

3.4. Misorientation distribution

Misorientation data derived from the high-resolution EBSD
maps were quantified in terms of the misorientation-angle and
misorientation-axis distributions (Figs. 7a and 8, respectively). The
misorientation angle data were characterized in terms of specific

Fig. 6. (0002) and (1010) pole figures showing the texture developed after rolling reductions of 25% (a), 50% (b), 75% (c), and 95% (d).
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grain-boundary area, i.e., the total grain-boundary length for a
given misorientation angle (or small range of misorientation
angles) divided by the area of the EBSD map. This metrics provides
a direct comparison of grain-boundary characteristics for different
rolling reductions, thus enabling more reliable determination of
the key physical mechanisms governing microstructure evolution.
The effect of rolling strain on specific area of different types of
grain boundaries is shown in Fig. 7b.

3.4.1. Dislocation boundaries originating from prism slip
The rotation axes of (low-angle) dislocation boundaries impose

a constraint upon the slip modes which are potentially active
during deformation and thus may convey useful information about
slip activity per se. It is generally accepted that the slip activity of
the p slip system rotates the crystalline lattice around the axis
wpjjðb� nÞp, where b is Burger’s vector and n is the slip plane
normal. To maintain strain compatibility requirements, however,
several slip systems (or even different deformation modes) usually
operate within a grain and thus contribute to the formation of a
dislocation boundary. Therefore, the misorientation axis of the
boundary depends on the contribution of each slip system (mode)
and thus is difficult to predict.

Considering the significance of prism slip in titanium, however,
it can be instructive to examine those dislocation boundaries
possibly originating from this slip mode. Of particular interest is
the fact that all prism slip systems provide a rotation around the
same [0001] axis. In hexagonal close-packed crystals, the [0001]
direction is a six-fold rotation axis. On the other hand, the (0002)
basal plane is a plane of mirror symmetry. Thus the maximum
rotation angle about [0001] is 301. This simple idea agrees well

with the measured misorientation-axis distributions shown in
Fig. 8; i.e., it is apparent that the region near the [0001] pole
‘empties’ as the misorientation angle approaches and exceeds 301.
Thus, it is important to note that the maximum misorientation
across the dislocation boundaries originating from purely prism
slip cannot exceed 301.

It seems useful therefore to broadly categorize the deformation-
induced HABs in titanium into two groups: (i) those with misor-
ientations below 301, (which appear to originate mainly from prism
slip) and (ii) those with misorientations above 301 which tend to be
related to deformation twinning as well as possibly other slip modes.
The effect of rolling reduction on the specific area of the two types of
HABs is shown in Fig. 7c.

3.4.2. Low strains
Rolling to 25% and 50% thickness reductions gave rise to a

significant increase of LAB area relative to the undeformed condi-
tion (Fig. 7a and b). The misorientation axes of the LABs were not
randomly oriented but tended to align with the [0001] axis (Fig. 8a
and b). In material rolled to a 25% reduction, a slight clustering of
LAB misorientation axes near the ½21 10� direction was also found
(Fig. 8a). After 50% reduction, however, the LAB cluster near the
½21 10� seemed to disappear (Fig. 8b).

In addition to the pronounced development of LABs, the rolled
material was characterized by a significant increase in the specific
area of 651〈1010〉, 851〈21 10〉, and �451〈51 43〉 boundaries (Figs. 7a
and 8a, b). The crystallographic preference of the first two misor-
ientations can be ascribed to f1122g and f1012g twins, whereas the
latter boundaries could be attributable to ‘double’ twinning (i.e., the
formation of tensile twins inside the compressive twins) [23].

Fig. 7. Effect of rolling reduction on misorientation-angle distribution (a), specific area of different types of grain boundaries (b), and specific area of different types of HABs
(c). In (a), the insert shows the high-angle region of the distribution in more detail.
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A slightly increased proportion of 351〈1010〉 boundaries (associated
with f1121g〈1 126〉 tension twins) was also found.

The twin-induced peaks in misorientation-angle (Fig. 7a) and
misorientation-axis (Fig. 8a, b) distributions were characterized by
a substantial spread exceeding normal EBSD errors (�21). This
effect was likely related to the strain-induced transformation of
twin boundaries, as discussed in Section 3.2.1.

The significant increase of the HAB area during this level of
reduction was almost solely related to boundaries having misor-
ientations above 301 (Fig. 7c). This confirms that considerable
grain refinement observed in this strain range (Fig. 5a) was
attributable to deformation twinning.

3.4.3. Intermediate strains
After rolling to a 75% thickness reduction, the LAB area was

significantly increased (Fig. 7a and b). This agrees with Ref. [5]
reporting extensive formation of deformation-induced boundaries
at the rolling strains exceeding 50–60% The LAB cluster near
[0001] was strengthened substantially (Fig. 8c).

The low-angle peak in the misorientation-angle distribution
shifted toward high-angle misorientations (Fig. 7a). This presum-
ably reflected a gradual accumulation of misorientations by LABs
and subsequent LAB-to-HAB transformation.

Twin-induced peaks were significantly reduced in size (Figs. 7a
and 8c). This effect can be explained by the progressive strain-
induced transformation of twins. On the other hand, the specific
area of HABs with misorientation above 301 did not change
notably (Fig. 7c). This perhaps evidences suppression of twinning
at large rolling strains and agrees well with findings in the
literature [3–6,9,10].

The specific area of HABs with misorientation below 301
increased considerably during rolling to 75% reduction (Fig. 7c).
A subtle peak near 301 appeared in the misorientation-angle
distribution (Fig. 7a); misorientation axes of the respective bound-
aries were clustered near the [0001] pole (Fig. 8c).

3.4.4. Large strains
In material rolled to the 96% thickness reduction, the LAB area

increased further (Fig. 7b). Specifically, the area of 5–151 bound-
aries increased at the expense of 2–31 boundaries (Fig. 7a), thus
implying a pronounced accumulation of misorientation by the
LABs. The misorientation-axis distribution for LABs was not
noticeably altered in comparison to the observations for the
sample rolled to a 75% reduction (Fig. 8c versus d).

The misorientation-angle distribution showed no clear twin-
induced peaks (Fig. 7a) at the highest level of reduction. The total
twin boundary fraction was found to be only �1.6% It was
therefore concluded that twinning was negligible, and the bound-
aries of the former twins were almost completely transformed into
non-special HABs.

One of the most striking results for 96% reduced material was
the large increase in the HAB area (Fig. 7b). Although the degree of
grain refinement in this strain range appeared to be relatively
small (Fig. 5a), the HAB area was almost tripled (Fig. 7b). Of
particular interest was the observation that the HAB area enlarge-
ment was significantly contributed by HABs with a misorientation
above 301 (Fig. 7c). As suggested in Section 3.4.1, these boundaries
could not have originated from purely prism slip.

4. Discussion

4.1. Low and intermediate strains

Microstructure evolution at relatively low and intermediate
strains (r75%) was found to be in good agreement with prior
observations [3–10]. At low strains, microstructure evolution was
dominated by the development of f1122g〈112 3〉 compressive and
f1012g〈101 1〉 tensile twins which rapidly refined the grain size. The
extensive twinning produced a transient basal-texture component.

As the rolling reduction increased, the misorientation across the
twin boundaries gradually deviated from the precise twin-matrix

Fig. 8. Misorientation-axis distributions measured in the material rolled to reductions of 25% (a), 50% (b), 75% (c), and 95% (d).
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orientation relationship and the twinned regions were transformed
into ordinary grains. Subsequent substructure development within the
twinned regions converted them into small equiaxed grains. The
progressive grain refinement suppressed twinning and the resultant
slip-dominated deformation led to the formation of a split-basal
f0002g〈1010〉7301 TD texture.

It is worth noting as well that LABs tended to preferentially localize
in (or near) twinned regions, which resulted in an irregular morphol-
ogy with their misorientation axes close to [0001].

4.2. Large strains

For rolling reductions in the range of 75–96%, significant grain
refinement took place, which resulted in the formation of an ultra-
fine grain structure. Possible explanations for this effect are
examined below.

4.2.1. Deformation banding
One possible source of the observed grain refinement in heavily

rolled material was deformation banding [3,19]. The typical appear-
ance of deformation bands in a Kikuchi-band-contrast EBSD map and
an orientation EBSD map is shown in Fig. 9a and b, respectively; in
both cases, the deformation band is indicated by arrows. The crystal-
lographic orientations within the deformation band as well as the

surrounding matrix are given in Fig. 9c and d, respectively. Pole figures
revealed that the orientations of the band and the matrix were
relatively close. The misorientation between them was estimated as
comprising a �5–101 rotation around an axis nearly parallel to the TD
(Fig. 9c and d). The proximity of the orientations also followed from
the EBSD orientation map in Fig. 9b; here, it is seen that the
deformation band is difficult to distinguish from the matrix. Because
the grain tolerance angle was taken to be 151, it seems unlikely that
deformation banding per se contributed significantly to grain refine-
ment. Moreover, direct grain size measurements showed only a small
difference between the bands and the matrix (supplementary materi-
als, Fig. S3.).

Fig. 9c and d also indicated that the deformation bands were
not responsible for the large orientation spread around typical
split-basal texture seen in (0002) pole figure for 96% rolled
material (Fig. 6d).

4.2.2. Correlation between texture and HAB development
The grain refinement in the heavily rolled titanium obviously

resulted from the very large increase in the HAB area (Fig. 7b). In
this regard, it is of interest to examine a possible relationship
between HAB development and texture evolution at large strains
(Fig. 6d).

Fig. 9. Evaluation of crystallographic orientation of deformation bands: Kikuchi-band-contrast EBSD map (a) and orientation EBSD map (b) with deformation band indicated
by arrows and (0002) and (1010) pole figures showing crystallographic orientation of the matrix (c) and the deformation band (d).
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To assess the effect of texture on HAB evolution, misorientation
distributions for the high-angle range were derived from the
texture data and compared with the grain-boundary misorienta-
tion distribution in Fig. 10. In contrast to the measured misor-
ientation distribution (based on data for neighboring pixels), the
texture-derived distribution was calculated assuming no spatial
correlation between pixels. In other words, all possible misorien-
tations between the sampled pixels (including noncontiguous
ones) were calculated. Fig. 10 demonstrates that the measured
distribution shows approximate agreement with the texture-
derived one in the misorientation range above 301. This suggests
that the development of these boundaries was closely linked with
the texture change.

It seems therefore that the extensive HAB formation (and
related grain refinement) was associated with the appearance of
the specific orientation spread near typical split-basal texture
(Fig. 6d). In this context, the reason for this effect becomes of
particular interest.

4.2.3. Possible activation of 〈cþa〉 slip
As discussed in the previous section, the reason for the

appearance of orientation spread of the split-basal components
at very high reductions is of particular interest. In principle,
texture evolution in heavily rolled material may be influenced by
the partial relaxation of constraint imposed by adjacent grains due
to grain flattening and a related reduction in the number of grain
neighbors [24]. However, due to extensive twinning at low strains,
the grains in heavily rolled titanium were found to be irregularly
shaped and the number of the grain neighbors appeared to be
rather high (Fig. 4c and d). Accordingly, strain compatibility
requirements seem to be fairly high over the entire range of
reductions investigated.

Another possible reason for the texture change in heavily rolled
titanium (Fig. 6d) may be activation (or enhancement) of different
slip (or twinning) modes. It is worthwhile therefore to consider
this idea in terms of specific microstructure and texture developed
in material reduced in thickness by 96%. First, basal slip is believed
to shift texture peaks toward the ND [9]. Hence, it is unlikely that
the observed smearing toward the TD was associated with basal
slip. The observed texture change also could not be attributed to
twinning because this mechanism was likely suppressed at high
strains as discussed in Section 3.4.4. Furthermore, it was surmised
that prism slip could not provide the abundant misorientations
exceeding 301 developed at large strains (Fig. 7c).

In view of the above considerations, the possible enhancement
of pyramidal slip deserves particular attention. Because twinning
was suppressed after �50% thickness reduction, strain accommo-
dation along the [0001] direction in hexagonal close-packed
metals may be achieved only via 〈cþa〉 pyramidal slip. In titanium,
this type of slip is believed to shift the texture peaks in the (0002)
pole figure toward the TD [22], as observed in the present
measurements (Fig. 6d). The enhancement of the 〈cþa〉 slip should
rapidly increase dislocation density and thus intensify the process
of grain-boundary development. This also agrees well with experi-
mental observations (Fig. 7b and c). Although 〈cþa〉 slip is
characterized by a relatively high critical resolved shear stress,
significant material strengthening (i.e., hardening of the prism 〈a〉
and basal 〈a〉 systems during heavy reductions) (Fig. 1a) could have
contributed to its activation. It is thus concluded that the observed
texture change and related enhancement of grain refinement
originated from the activation of pyramidal slip.

5. Conclusions

Grain structure development during cold rolling of
commercial-purity titanium was examined with particular atten-
tion to the behavior at large strains (i.e., reductions 475%). The
main conclusions from this work are as follows:

1. At low thickness reductions (r75%), microstructure is greatly
refined due to twinning. Despite extensive substructure develop-
ment in the twinned regions (which gradually transform the
twins into fine-grained structure), the mean grain size for reduc-
tions of 25–75% does not change significantly. The suppression of
twinning at �50% reduction and the predominance of slip give
rise to a conventional ‘split-basal’ f0002g〈1010〉7301 TD texture.

2. Larger (475%) deformations lead to significant microstructure
and texture changes. Extensive deformation banding is found.
The HAB area almost triples, thus producing an ultrafine-
grained structure with a mean grain size of 0.6 μm. Addition-
ally, the orientation spread around the typical ‘split-basal’
rolling texture substantially increased.

3. Deformation bands formed at high reductions are not highly
misoriented relative to the surrounding matrix. Thus, it is
unlikely that they provide a significant contribution to grain-
structure evolution. Rather, the extensive grain refinement and
texture changes at large strains are likely attributable to the
activation of 〈cþa〉 slip.

Appendix A. Supplementary materials

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.msea.2014.03.141.
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