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a b s t r a c t   

Microstructure evolution in heavily-cold-rolled (≥40 pct.) commercial-purity titanium was determined to 
be governed by a continuous-dynamic-recrystallization mechanism. This process was shown to be closely 
linked with mechanical twinning occurring at lower rolling strains. Specifically, twinning provided a nearly- 
twofold increase in flow stress due to pronounced work hardening. Twinning also led to the activation of 
additional (non-prism- < a >) slip modes, and thus markedly enhanced the progressive development of 
dislocation boundaries. As a result, a bulk ultrafine-grain structure was produced at relatively-low strains 
achievable by conventional flat rolling. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

It is often believed that the production of ultrafine-grain (UFG) 
materials requires specially-designed severe-plastic-deformation 
(SPD) techniques [1–3]. For commercial-purity titanium (CP Ti), on 
the other hand, it has been shown recently that a UFG structure 
can be developed during conventional cold rolling [4–8]. Such ob-
servations have thus spurred renewed interest in the underlying 
microstructural behavior of this material. 

From a broad perspective, research over the last two decades has 
revealed a very specific pattern of microstructure evolution during 
cold rolling of CP Ti. In particular, it has been well established that 
at low-to-moderate strains (≤40–50 pct. rolling reduction) the 
refinement mechanism is governed by extensive mechanical 
(deformation) twinning. At larger strains, however, slip-induced 
microstructural changes become dominant [4,9–13]. 

Among the various twinning modes available in CP Ti, com-
pression {112̄2} and tensile {101̄2} twin systems are typically re-
ported [4–6,9,10,12–19]. In some cases, a small fraction of tensile 
{112̄1} twins has also been noted [14,19,20]. The activated twinning 
system in most cases occurs in grains with preferential crystal-
lographic orientations which satisfy a critical-resolved-shear-stress 
(Schmid) criterion [9,18–20]. Sometimes, there have been reports of 

{112̄1} twins which deviate from Schmid’s Law, presumably due to 
complex states of stress generated by local grain-to-grain interac-
tions [19,21]. An essential characteristic of the twinning process is 
the typical activation of multiple twin families within each grain  
[7,9,10,14,15,19,20]. Specifically, secondary {101̄2} twins are often 
observed within primary {11̄22} twins [10,14,15,20]. In addition to 
the secondary twins, several variants of a given twinning mode are 
also frequently found within the same grain [14]. 

In addition to crystallographic orientation, the activation of 
twinning is also influenced greatly by the grain size [6,10,22]. For 
instance, extensive twinning is only observed for grain sizes larger 
than ~15 µm in CP Ti, whereas almost no twinning has been ob-
served for grains with a size smaller than ~1 µm [6]. In particular, the 
{101̄2} twinning mode has been reported to be particularly sensitive 
to the grain size [22]. Moreover, twinning provides a marked re-
duction in grain size, thereby being a very effective mechanism of 
grain refinement. However, because of the sensitivity of twinning to 
the crystallographic orientation of parent grains, it typically results 
in an inhomogeneous microstructure in which twinned areas are 
drastically refined while regions deformed by slip remain coarse- 
grained [9,15,20]. In addition, the inhibition of twinning in grains 
with a size below ~1 µm also tends to prevent the formation of a 
uniform UFG structure. 

Another important feature of twins concerns the evolution of 
their misorientations relative to the associated matrix with con-
tinued straining. Not surprisingly, such misorientations experience a 
gradual transformation into ordinary (non-twin-related) grain 
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boundaries [e.g. 23, 24], via a phenomenon usually attributed to 
diverging rotations of the adjoining twin and matrix due to a 
difference in slip activity. 

For cold-rolling strains above ~50 pct., twinning is gradually 
suppressed due to progressive grain refinement. At this stage of 
deformation, the original twins are almost completely transformed 
into irregularly-shaped grains integral with the remainder of the 
microstructure. From a broad perspective, increased straining results 
in substantial increases in the misorientations of low-angle bound-
aries (LABs) [e.g. 23] and the eventual formation of high-angle 
boundaries (HABs) with a spacing of ~0.5 µm [7,23] that delimit the 
grains of a bulk UFG structure. Despite this refinement, such a UFG 
microstructure often retains a measurable portion (up to 15 pct.) of 
coarse-grained remnants whose crystallographic orientations are 
usually close to the stable orientation associated with rolling [7]. It is 
important to note that the microstructure of heavily-rolled CP Ti is 
also usually characterized by a very high dislocation density and that 
no clear dislocation-cell structure is typically found [4,5,7,9]. 

Recently, a strain-induced martensitic transformation has been 
reported to occur in heavily-rolled titanium [25–27]. This effect has 
been attributed to the splitting of perfect dislocations into two 
partials which should result in a new face-centered-cubic phase  
[25]. However, subsequent thorough examinations of this phenom-
enon have shown that the new phase was likely titanium hydride 
(TiH) which has been mistakenly identified as strain-induced 
martensite [28,29]. 

While twinning at relatively-low rolling strains has been well 
characterized, the details of microstructure evolution in heavily- 
rolled material are still poorly understood. The objective of the 
present study was to provide insight for this regime of deformation 
using the advanced capabilities of the electron back scatter diffrac-
tion (EBSD) technique. 

2. Material and experimental procedures 

The material used in the present investigation was CP Ti grade 
VT1–0 (per its Russian designation) with a nominal chemical com-
position shown in Table 1. It was received as a hot-rolled plate of 
4-mm thickness, which had a fully-recrystallized structure with a 
mean grain size of 15 µm. 

Samples measuring 30 × 20 × 4 mm3 were machined from the 
plate and then flat rolled at ambient temperature and a constant 
rolling speed of 30 mm/s. To investigate microstructure evolution 
during rolling, various samples were rolled to different total thick-
ness reductions, viz., 5, 10, 15, 30, 40, 60, or 90 pct., which corre-
sponded to true thickness strains of 0.05, 0.10, 0.16, 0.22, 0.36, 0.51, 
0.92, and 2.66, respectively. The relatively large gap in material 
conditions between true strains of 0.92 and 2.66 was chosen because 
of the apparent saturation of microstructural changes over this 
range, as has been found in the authors’ previous work [23]. For each 
total reduction, unidirectional, multi-pass rolling was applied with a 
reduction per pass of ~5 pct. Although deformation heating was not 
quantified precisely, freshly-rolled sheets were only slightly warm to 
the touch and thus the rolling temperature surely remained much 
below 100 °C (≈0.19Tm, where Tm is the titanium melting point). The 
typical flat-rolling convention was adopted with the rolling, trans-
verse, and thickness/normal directions being denoted as RD, TD, and 
ND, respectively. 

Following cold rolling, microstructure observations were focused 
on the mid-thickness portion of the rolled sheets, and were con-
ducted on the rolling plane (containing the RD and TD) using optical 
and transmission electron microscopy (TEM) in addition to extensive 
EBSD characterization. For the optical observations, specimens were 
mechanically polished using standard metallographic techniques 
and then etched in a solution of HF, HNO3 and H2O at a ratio of 1:2:3. 
A suitable surface finish for EBSD was obtained by applying 

mechanical polishing in a similar fashion followed by final electro- 
polishing in a solution of 80-pct. acetic anhydride +20-pct. per-
chloric acid (chilled to ~10 °C) at an applied potential of 60 V. TEM 
specimens were prepared using electrical-discharge machining 
(EDM), grinding on each side to a thickness of ~0.1 mm, and then jet- 
polishing in a solution containing 5-pct. perchloric acid, 35-pct. 
butanol, and 60-pct. methanol at −30 °C. 

EBSD was conducted in an FEI Quanta 600 field-emission-gun 
scanning-electron microscope (FEG SEM) equipped with a TSL 
OIM™. The SEM was operated at an accelerating voltage of 30 kV. 
Depending on the particular material condition, the EBSD scan step 
size was varied from 2 µm (in the initial material) to 0.05 µm (90-pct. 
rolled material). Due to the relatively-high dislocation density in 
heavily-rolled specimens, which degraded the Kikuchi patterns 
somewhat, a relatively-slow EBSD acquisition rate was utilized to 
obtain reliable data. To improve the fidelity of EBSD results, grains 
comprising three or fewer pixels were automatically removed 
(“cleaned”) from EBSD maps using the standard grain-dilation op-
tion of the TSL software. Due to the limited angular accuracy of 
EBSD, misorientations below 2° were excluded from consideration. A 
15° criterion was applied to differentiate low-angle boundaries 
(LABs) from high-angle boundaries (HABs). The grain size was 
measured using the circle-equivalent-diameter approach [30]. 

TEM observations were performed with a JEOL JEM-2100FX 
transmission electron microscope operated at 200 kV. 

To provide additional insight into microstructural changes during 
rolling, Vickers microhardness measurements and tensile tests were 
also performed. Tension specimens were machined parallel to the 
RD and had a gauge section measuring 16-mm length (RD) and 
3-mm width (TD). The specimens were pulled to failure at ambient 
temperature and a nominal strain rate of 10-3 s-1 using an Instron 
5882 universal testing machine. 

3. Results 

3.1. Wok hardening during rolling 

Tensile behavior and microhardness measurements as a function 
of rolling strain (Fig. 1) provided indirect insight into the broad 
aspects of microstructure evolution. 

As expected, cold rolling gave rise to a significant increase in 
strength but a large reduction in ductility, the latter quantified by 
the relatively-low uniform elongation (strain at maximum load/en-
gineering stress) exhibited in engineering stress-strain curves 
(Fig. 1a). Characterized by either the yield stress or the microhard-
ness, the strength of CP-Ti nearly doubled after 90-pct. reduction 
(rolling strain ≈2.7) (Fig. 1b, c). For both metrics, the strength in-
creased noticeably to a true strain of ~1.0, but then tended to satu-
rate. This trend is common for severely-deformed metallic materials 
and is usually attributed to a dynamic balance between the 
hardening and recovery processes. 

Estimates of the hardening rate dX/dε, in which X denotes the 
yield strength or microhardness increase as a function of true strain 
ε, provided additional insight into the strengthening effect of cold 
rolling (Fig. 1d, e). The peak hardening rate was observed at a true 
strain of ~0.1–0.2, i.e., at a very early stage in rolling. In CP Ti (as well 
as in other hexagonal metals), this behavior is often attributed to 
twinning at low strains. 

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

Ti Fe Si O C N H  

Balance ≤0.2 ≤0.10 ≤0.20 ≤0.07 ≤0.04 ≤0.01    
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3.2. Optical microstructure observations 

Optical (rolling-plane) micrographs taken after various imposed 
strains (Fig. 2) confirmed that the initial stage of microstructure 
evolution was characterized by abundant twinning (Fig. 2a and b). 
The twins had diverse morphologies, including lenticular, wedge, 
and rectangular ones, and varied in both longitudinal and transverse 
dimensions. In many cases, parallel twins tended to lie in a group 
and occupy a significant portion of a deformed grain. Intersecting 
sets of twins were also observed within the same grain. Further-
more, secondary twins were also often found within relatively- 
coarse twins. Despite these features, some grains remained 
untwinned or contained only occasional twins. These latter 

occurrences are usually explained in terms of the crystallographic 
orientation of such grains being favorable for prism- < a > slip with 
its low critical resolved shear stress (CRSS) [7,9,15]. 

At true strains of 0.36 and above, the original grains exhibited an 
elongation along the rolling direction (Fig. 2c to e), presumably due 
to the geometric requirements of the imposed strain. On the other 
hand, the twin boundaries tended to lose their original morphology 
and gradually transform into irregular-shaped microstructural ele-
ments (Fig. 2e). The relatively-dark appearance of former twins in 
etched specimens suggested a relatively-high dislocation density 
(Fig. 2c to e). 

At the highest rolling reductions, the contours of the original 
grains were barely recognizable (Fig. 2f), presumably due to 

Fig. 1. Effect of rolling strain on mechanical behavior: (a) Engineering stress-strain curves, (b) yield strength, (c) mean microhardness, (d) strain-hardening rate derived from 
yield-strength measurements, and (e) strain-hardening rate derived from microhardness measurements. 

Fig. 2. Optical micrographs showing microstructures developed for true rolling strains of: (a) 0.05, (b) 0.22, (c) 0.36, (d) 0.51, (e) 0.92, or (f) 2.66.  

S. Mironov, S. Zherebtsov and S.L. Semiatin Journal of Alloys and Compounds 895 (2022) 162689 

3 



extensive development of internal substructure. Nevertheless, a 
significant portion of the parent-grain remnants had still survived 
(Fig. 2f). 

3.3. EBSD results: microstructure morphology and grain size 

EBSD inverse-pole-figure (ipf) maps from rolled specimens 
(Fig. 3) and related data derived from the ipf maps (Figs. 4–9) pro-
vided deeper insight into the details of microstructure evolution. The 
EBSD measurements confirmed extensive mechanical twinning at 
low rolling strains (Fig. 3a). This process promoted a shift in the 
grain-size distribution toward smaller grains (Fig. 4a) and reduced 
the mean grain size (Fig. 4b). However, the refinement in micro-
structure was not uniform, and a noticeable fraction of grains con-
tained almost no twins (Fig. 3a). An increase in strain noticeably 
enhanced the formation of LABs (Fig. 3b and c). In contrast to the 
behavior for cubic metals [e.g. 31], the dislocation boundaries were 
not arranged into a lamellar-type microstructure, but were dis-
tributed irregularly within grains. The ultrafine grains had developed 
by a strain of 0.92 (Fig. 3b to c and 4a). Accordingly, the overall mean 
grain size achieved was ~1 µm by this level of deformation (Fig. 4b). 
However, grain-refinement was noted to still be fairly heterogeneous 

(Fig. 3c), and the resulting microstructure could not be categorized 
as a uniform fine-grain one. At the strain of 0.92, it was also clearly 
seen that twins which had nucleated at much lower strains tended 
to lose their original morphology and were thus transformed into 
irregular-shaped grains (Fig. 3c). 

After rolling to the highest imposed strain (ε = 2.66), the fraction 
of ultrafine-grains had increased significantly thus giving rise to a 
distinctly-bimodal microstructure (Figs. 3d, 4a). In addition, the ul-
trafine-grains tended to be clustered preferentially near original 
grain boundaries and/or within former twins, thereby giving rise to a 
necklace-type microstructure. From the specific character of micro-
structure morphology (highlighted, for instance, by the circled area 
in Fig. 3d), it seems that the ultrafine-grains originated from a gra-
dual transformation of LABs to HABs, i.e., via continuous dynamic 
recrystallization (CDRX) during the later stage of deformation. At 
this stage, the mean grain size was ~0.4 µm (Fig. 4b). In view of the 
bimodal character of the grain-size distribution, however, this 
measure was likely not entirely reliable. Alternatively, the volume 
fraction of ultrafine grains as a function of strain (Fig. 4c) appeared 
to provide a more reasonable metric. It was found to increase nearly- 
linearly with strain reaching ~40 pct. in the material with the largest 
deformation (Fig. 4c). 

Fig. 3. Selected portions of normal-direction EBSD inverse-pole-figure maps showing microstructure developed during cold rolling to a true strain of: (a) 0.11, (b) 0.36, (c) 0.92, or 
(d) 2.66. In the maps, LABs and HABs are depicted as white or black lines, respectively. In (d), the circled area illustrates the gradual transformation of subgrains to grains. 

Fig. 4. Effect of rolling strain on: (a) Grain-size distribution, (b) mean grain size, and (c) volume fraction of ultrafine (< 1 mm) grains. In (b), error bars indicate the standard 
deviation of the measurements. 

S. Mironov, S. Zherebtsov and S.L. Semiatin Journal of Alloys and Compounds 895 (2022) 162689 

4 



3.4. Grain boundaries 

The nature of grain refinement governed by the development of 
deformation-induced boundaries was further elucidated in plots of 
misorientation angle (Fig. 5a, b) and misorientation axis (Fig. 6a to e) 
derived from the EBSD data. Related twin-boundary statistics are 
summarized in Table 2. In all cases, the misorientation-angle dis-
tributions were expressed in terms of grain-boundary density, i.e., 
boundary length divided by the area of the EBSD map. The theore-
tical relationship between the various slip systems available in CP Ti 
and the corresponding misorientation axes of LABs, as derived by 
Chun et al. [32], are summarized in Table 3 and Fig. 6f. 

3.4.1. Behavior for low-to-moderate strains 
Inasmuch as the starting program material was supplied in a 

coarse-grain, fully-recrystallized condition, it was characterized by 
relatively-low grain-boundary density (Fig. 5a, b), a nearly-random 
misorientation-axis distribution (Fig. 6a), and a comparatively-high 
HAB fraction (Fig. 5c). Rolling to a true strain of 0.11 resulted in 
distinct peaks at 65° and 85° in the misorientation-angle distribu-
tion (Fig. 5b) as well as pronounced clustering of misorientation axes 
near the < >101̄0 and < >21̄1̄0 poles (Fig. 6b). These observations 
provided evidence of the activation of {112̄2} and {101̄2} twinning 

(Table 2), or a behavior which is well documented in the literature  
[4–6,9,10,12–18]. Moreover, an increased fraction of the 

< >35 101̄00 misorientations indicated the operation of {112̄1}
twinning (Table 2). In all cases, the observed angular spread around 
the specific twin-induced misorientation (Figs. 5b and 6b) was likely 
associated with the gradual transformation of twin boundaries into 
random ones during the straining process [33]. 

An increase in strain to 0.36 gave rise to a marked increase in the 
density of LABs (Fig. 5a). In turn, this resulted in a very large re-
duction (to ~40 pct.) in the fraction of HABs (Fig. 5c). Equally striking, 
the rotation axes of LABs (Fig. 6c) were found to align with either 
the < 0001 > direction or < >61̄5̄3 direction (indicated by the arrow). 
Per the work of Chun, et al. [32], this provided evidence of the ac-
tivation of prism < a > and pyramidal < c+a > slip, respectively 
(Table 3, Fig. 6f). Furthermore, the strengthening of the < >65 101̄00

and < >85 21̄1̄0o misorientation peaks (Figs. 5b, 6c) gave evidence 
that extensive {112̄2} and {101̄2} twinning continued to occur to a 
strain of 0.36 (Table 2). Another finding of importance was the ob-
servation that misorientation axes for 40–50° boundaries tended to 
cluster in the range of < >303̄2 -< >202̄1 (Fig. 6c). This interesting 
effect was likely associated with secondary {101̄2} {112̄2}
twinning, which should produce < >41 51̄4̄30 and < >51 31̄2̄30

misorientations [14]. 

Fig. 5. Effect of rolling strain on: (a) Misorientation-angle distribution for the entire angular range, (b) misorientation-angle distribution for the high-angle range, and (c) the 
fraction of HABs. 

Fig. 6. Effect of rolling strain on misorientation-axis distribution: (a) Base material, and material rolled to a true strain of (b) 0.11, (c) 0.36, (d) 0.92, or (e) 2.66. The standard 
triangle with the Taylor rotation axes of the slip systems available in alpha titanium is shown in (f) (after Chun et al. [32]). In (c) and (d), arrows indicate the clustering of LAB 
rotation axes near < 6–1–53 > pole. 
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3.4.2. Behavior for high strains 
Rolling to true strains of 0.92 and 2.66 promoted a further in-

crease in LAB density (Fig. 5a), thus underscoring the ongoing mi-
crostructural refinement. In this context, the significant increase in 
grain-boundary area in the angular range of ~10–40° (Fig. 5a) as well 
as the subtle increase of HAB fraction (Fig. 5c) suggested the LAB-to- 
HAB transformation, i.e., the occurrence of CDRX. On the other hand, 
the decrease in the twin-boundary fraction to a level comparable to 
that in the base (starting) material (Table 2) implied essentially an 
absence of twinning at high strains (Supplementary Fig. S1). 
Nevertheless, the weak clustering of the rotation axes for 60–75° 
boundaries near < >101̄0 and those of 75–93° boundaries near 
< >21̄1̄0 (Fig. 6e) suggested that some limited amount of twinning 
may still have occurred even in the high-strain range. 

It was also found that the rotation axes of LABs developed at high 
strains still tended to align with the < 0001 > and < >61̄5̄3 directions 
(Fig. 6d and e). Per Table 3, this observation presumably reflected the 
dominance of prism- < a > and pyramidal- < c+a > slip in the heavily- 
rolled material. 

3.4.3. Grain-boundary density 
The grain-boundary density as a function of strain (Fig. 7a) 

yielded additional insight into the evolution of grain boundaries 
during rolling. 

The monotonic increase in grain-boundary area was evidence of a 
progressive refinement in grain size over the entire range of strain 

used in the present work. The increment of grain-boundary density 
per unit strain (Fig. 7b) provided a quantitative measure of the in-
tensity of this process. The peak rate of the grain-boundary forma-
tion process was found at a true strain of ~0.36, likely a result of the 
combined influence of mechanical twinning and LAB development. 
The strain for the peak rate of microstructure refinement also co-
incided approximately with that corresponding with the peak in 
strain-hardening rate (Fig. 7b vs Fig. 1d). 

3.5. Crystallographic texture 

The crystallographic aspects of metal flow during rolling CP Ti 
were further ascertained from alpha phase 0001 and 101̄0 pole fig-
ures (Fig. 8) calculated from the EBSD data. The original material had 
a < >hkil{ } 101̄0 fiber texture (Fig. 8a). Rolling to a true strain of 0.11 
resulted in an abrupt crystallographic reorientation toward  
<0001>  //ND (Fig. 8b). This effect is usually attributed to extensive 
mechanical twinning, as was corroborated by the present micro-
structure observations (Fig. 3a) and grain-boundary analysis 
(Table 2). 

An increase in strain to 0.36 provided a sharpening of the near-  
< 0001 >  //ND orientation (Fig. 8c), thus signifying a continuation of 
twinning (Table 2). As shown in Section 3.4.1, however, this strain 
stage also involved the formation of a substantial number of LABs 
(Fig. 7b), which, in turn, indicated extensive slip. The dominant (soft) 
prism- < a > slip mode is known to provide crystallographic rotations 

Fig. 7. Effect of rolling strain on (a) Grain-boundary density and (b) the rate of formation of grain-boundaries.  

Fig. 8. 0001 and 10–10 pole figures illustrating the evolution of crystallographic texture for: (a) The base material, and material rolled to a true strain of (b) 0.11, (c) 0.36, (d) 0.92, 
or (e) 2.66. 
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around the < >0001 direction [32]. Hence, its operation should result 
in a rotationally-symmetric distribution of intensity in the 101̄0 pole 
figure, as was indeed observed (Fig. 8c). Therefore, the observed 
texture likely originated from the combined influence of mechanical 
twinning and prism- < a > slip. 

Rolling to a true strain of 0.92 or greater led to the gradual 
development of a split-basal texture, i.e., < >{0002} 101̄0 ±  40° to-
ward the TD (Fig. 8d to e). This texture is typically observed in cold- 
rolled CP titanium [e.g., 7, 9]. Although its origin is not completely 
clear, it is usually attributed to the operation of prism- < a > and 
pyramidal- < c+a > slip systems [7,9]. 

3.6. TEM observations 

TEM observations (Fig. 9) gave insight into microstructure evo-
lution at a very fine scale. At relatively-low strains, as expected, 
microstructure changes were dominated by pronounced mechanical 
twinning (Fig. 9a, b) in agreement with observations from optical 
microscopy (Fig. 2a) and EBSD measurements (Table 2). Broadly si-
milar to the optical and EBSD observations, the twins typically had 
either a lenticular- or wedge-shaped morphology, and varied in size 
from several microns to nano-scale dimensions. Within the rela-
tively-coarse primary twins, multiple secondary twinning was often 
found (Fig. 9a). The activation of several twin variants and/or modes 
within the same grain resulted in twin intersections which pro-
moted rapid microstructure refinement (Fig. 9b). Equally important, 
the twins usually contained a relatively-high dislocation density 
(Fig. 9a and b). 

After a true strain of 0.36, extensive dislocation boundaries were 
observed (Fig. 9c, d), in addition to the mechanical twins. This 
finding was also in line with EBSD measurements (Figs. 3b and 7b). 
The dislocation boundaries were often arranged in the form of a 
lamellar-type microstructure with a mean lamellae intercept width 
of ~0.5 µm. Surprisingly, no clear dislocation-cell structure was 

Fig. 9. TEM micrographs showing characteristic microstructural features produced during cold rolling: (a, b) Mechanical twins (true strain of 0.11), (c, d) dislocation boundaries 
(true strain of 0.36), (e) low-magnification overview of heavily-rolled material (true strain of 1.61), (f) lamellar-type microstructure (true strain of 1.61), (g) coarse-grain remnants 
(true strain of 2.66), and (h) an ultrafine microstructure (true strain of 2.66). 

Table 2 
Effect of rolling strain on twin boundary fraction.   

Note: Instances of an increased fraction of twin boundaries are highlighted in gray.  

Table 3 
Relationship between slip modes and rotation axes (after Chun et al. [32]).     

Slip mode Rotation axis  

Prism < >{1̄01̄0} 21̄1̄0 < >0001

Basal < >(0002) 21̄1̄0 < >101̄0
Pyramidal  < a >  < >{1̄01̄1} 21̄1̄0 < >101̄2
Pyramidal I  < c+a >  < >{1̄01̄1} 112̄3 < >13; 8̄; 5̄; 3
Pyramidal II  < c+a >  < >{112̄1} 112̄3 < >61̄5̄3
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found, however. Furthermore, the lamellar-type microstructure ob-
served in TEM contrasted with EBSD observations which had a rather 
irregular distribution as discussed in Section 3.3. This apparent dif-
ference implied that a significant portion of the dislocation bound-
aries revealed by TEM had misorientations below the resolution limit 
of EBSD, i.e., 2 degrees. 

With yet further increase in strain to 0.92 and higher, the mi-
crostructure became highly-deformed in appearance (Fig. 9e–g). 
This effect was likely associated with activation of pyramidal-  
< c+a > slip (as suggested in the previous section) and the 
concomitant marked increase in dislocation density. Due to the 
pronounced strain fields developed within the rolled material, 
the microstructural details became barely recognizable (Fig. 9e). 
Nevertheless, some evidence of the lamellar-type microstructure 
could still be observed locally (Fig. 9f). Also, distinct microstructural 
heterogeneity (or bimodality) was also apparent (Fig. 9g). At very 
high magnifications, nano-scale grains were also occasionally ob-
served (Fig. 9h). The origin of such features was not clear, however. 

4. Discussion 

4.1. Crystallographic orientations of ultrafine grains 

One of the key processes occurring during rolling of CP Ti to high 
reductions is the formation of ultrafine grains. The crystallographic 
orientations of the ultrafine grains extracted from the present EBSD 
data (Fig. 10a–c) shed more light on this phenomenon. For com-
parative purposes, the texture of the coarse-grain remnants retained 
within the heavily-rolled material (Fig. 10d), was also analyzed. 

At relatively low strains, the crystallographic orientations of the 
ultrafine grains were distinctly different from the global texture 
(Fig. 10a, b vs. Fig. 8c, d). It was likely, therefore, that grain refine-
ment in its early stages was mainly associated with twinning, and 
particularly secondary twinning. On the other hand, the preferential 
orientations of the ultrafine grains in the heavily-rolled material 
were similar to that of the surviving coarse remnant grains (Fig. 10c 
vs Fig. 10d). This finding likely reflects the CDRX origin of the ul-
trafine grains, thus being in the line with microstructural observa-
tions and analysis of misorientation distributions. Despite this 

similarity, it is important to emphasize that the 0001 pole figure for 
the ultrafine-grains was characterized by a noticeable orientation 
spread toward the TD (Fig. 10c vs Fig. 10d). As mentioned in Section 
3.5, prism- < a > slip provides a crystallographic rotation only 
around < 0001 > [32], and thus this slip mode could not have resulted 
in such an observation. In light of the suppression of mechanical 
twinning in the high-strain range, it can thus be deduced that the 
texture of the ultrafine grains originated from the activation of a 
non-prism- < a >  slip mode, which was likely pyramidal- < c+a > slip, 
as suggested in Section 3.4.2. 

4.2. Effect of mechanical twinning on strain hardening 

The activation of the non-prism- < a > slip modes usually requires 
relatively-high levels of stress. In this regard, mechanical twinning, 
which typically occurs during the early stage of deformation of CP Ti, 
normally results in marked strain hardening [34]. The strengthening 
effect is usually attributed to grain refinement (i.e., the reduction in 
average slip length) as well as to the so-called Basinski effect [35]. 
According to the latter mechanism, glissile dislocations originally in 
the matrix are immobilized due to twin-induced crystallographic 
rotations. An additional strengthening factor due to twinning may 
also be associated with strain-compatibility requirements due to the 
formation of heterogeneous microstructure. 

In the present investigation, the peak strain-hardening rate was 
observed after a true strain of ~0.1–0.2 (Fig. 1d, e). Such strains co-
incide with deformation levels corresponding to the highest twin-
ning activity (Table 2, supplementary Fig. S1). Therefore, it can be 
surmised that the activation of the non-prism- < a > slip modes in the 
heavily-rolled material was indeed associated with prior mechanical 
twinning. 

4.3. Grain-to-grain interactions 

The CRSS for pyramidal- < c+a > slip is of the order of ~3–5 times 
that for prism < a > slip [36]. On the other hand, the strengthening 
effect observed in the present work was only approximately twofold 
(Fig. 1b and c). Such an apparent anomaly can be resolved by noting 
that the ultrafine grains are typically nucleated at prior grain 

Fig. 10. 0001 and 10–10 pole figures illustrating the effect of rolling strain on crystallographic texture development in ultrafine-grain areas: (a) True strain of 0.36, (b) true strain 
of 0.92, and (c) true strain of 2.66. In (d), orientations of remnant coarse (> 3 μm) grains after a rolling strain of 2.66 are shown. 
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boundaries as discussed in Section 3.3. This observation therefore 
suggests that non-prism- < a > slip was also influenced by grain-to- 
grain interactions. The interactions can give rise to local stresses 
higher than the imposed macroscopic stresses which are required 
for the activation of “hard” slip modes. 

4.4. Broad aspects of microstructure refinement during heavy 
deformation of CP Ti 

The relationship between the activation of the non-prism slip 
mode and the nucleation of ultrafine grains in heavily-strained CP Ti 
has been reported in several previous investigations [e.g. 37, 38]. 
Hence, to develop a broad view of the microstructural-refinement 
process during heavy deformation of this material, the results of the 
present work were compared with those published in the literature. 
To this end, the evolution of grain-boundary density as a function of 
accumulated strain for different grain-refinement techniques was 
summarized (Fig. 11). 

It should be emphasized that the experimental data shown in 
this figure were obtained under noticeably-different conditions. The 
key differences included the impurity content in the program ma-
terial, its initial grain size and crystallographic texture, deformation 
mode, strain path, and even processing temperature. Nevertheless, 
the data in Fig. 11 were found to overlap broadly, at least for true 
strains ≤ 2.7 (i.e., the maximum strain achieved during cold rolling in 
the present study).1 This result strongly suggests the operation of a 
single grain-refinement mechanism which is intrinsic for the heavy 
deformation of CP Ti. 

4.5. Grain-refinement mechanism 

From the above results and discussion, it appears that the rela-
tively-high grain-refinement rate typically observed during heavy 
deformation of CP Ti is attributable to the synergetic effect of me-
chanical twinning and the activation of non-prism- < a > slip. 
Twinning alone results in noticeable grain refinement. However, due 
to the sensitivity of this mechanism to crystallographic orientation 
as well as its gradual suppression with strain, it is unlikely it can 
provide the sole basis for the formation of a homogeneous UFG 
structure. Despite this limitation, considerable material strength-
ening induced by twinning appears to promote the activation of 
additional (non-prism- < a >) slip systems, which, in turn, markedly 
enhances the grain-subdivision process. Due to the relatively-high 

CRSS for non-prism- < a > slip systems, grain refinement at strains 
beyond that at which twinning dominates occurs preferentially in 
local, highly-stressed areas of the microstructure. Typically, such 
regions lie near the original grain boundaries or within twins and are 
likely assisted by grain-to-grain (intergranular) interactions. The 
principal difference in slip activity in the near-grain-boundary re-
gions and within the grain interiors results in diverging crystal-
lographic rotations in these areas and the concomitant development 
of so-called geometrically-necessary boundaries [39]. The pro-
gressive evolution of these boundaries toward high-angle mis-
orientations eventually leads to the preferential formation of 
ultrafine grains at the grain-boundary regions, thus giving rise to a 
necklace-type microstructure. 

Considering the relatively high dislocation density revealed by 
TEM (Fig. 9e to h), it is highly unlikely that deformation heating was 
sufficient to promote significant grain-boundary migration. Hence, it 
is unlikely that a discontinuous-type of recrystallization (i.e., a pro-
cess involving distinct nucleation and growth stages) contributed to 
grain refinement. In contrast, a number of experimental observa-
tions discussed in Section 3 provided evidence for a dominant 
role played by a gradual LAB-to-HAB transformation. This process 
fits the definition of continuous dynamic recrystallization. Although 
the micro-mechanism of the observed LAB-to-HAB transition is not 
completely clear, it was obviously based on dislocation rearrange-
ment, thus being in essence a recovery-type process, sometimes 
referred to as “extended recovery” [40]. Moreover, there are several 
other terms for this phenomenon including “grain fragmentation”  
[41] and grain subdivision [31]. The distinction between these terms 
is not clear, however. 

5. Summary and conclusions 

Using EBSD, the present work has shed light on microstructural 
changes during the later stags of the cold rolling of CP Ti. 

Grain refinement has been found to be governed by a gradual LAB- 
to-HAB transformation, i.e., a continuous-dynamic-recrystallization 
(CDRX) mechanism. On the other hand, it was established that the 
process is closely linked with mechanical twinning occurring during 
early stages of material flow. Specifically, twinning can give rise to 
marked work hardening which activates non-prism- < a > slip modes 
and thus considerably enhances the progressive evolution of dis-
location boundaries. As a result, a bulk UFG structure can be produced 
at modest strains achievable by conventional flat rolling. 

Due to the relatively high CRSS of non-prism- < a > slip systems, 
the activation of such systems typically occurs in local, highly- 
stressed areas. Typically, this occurs in the proximity of original 
grain boundaries at which local stresses are heightened due to 
maintenance of strain compatibility and neighboring-grain 

Fig. 11. Evolution of grain-boundary density in CP Ti as function of accumulated true strain for different grain-refinement techniques: (a) Total grain-boundary density, (b) density 
of LABs, and (c) density of HABs. Note: ECAP denotes the equal-channel angular pressing technique. 

1 The apparent saturation of microstructure evolution for true strains beyond ~3 
observed during ECAP and “abc” deformation is believed to be associated with the 
change in strain path. Such an effect has been discussed in greater detail else-
where [38]. 
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interactions. Accordingly, the generation of new, ultrafine grains 
during cold rolling manifests itself as a necklace-type microstructure. 
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