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Abstract: The mechanisms of small plastic deformation of titanium (T40) dur-
ing cold rolling and channel die compression by means of “interrupted in situ”
EBSD orientation measurements were studied. These interrupted EBSD orienta-
tion measurements allow to determine the rotation flow field which leads to the
development of the crystallographic texture during the plastic deformation. Results
show that during rolling, tension twins and compression twins occur and various
glide systems are activated, the number of grains being larger with twins than with
slip traces. In channel die compression, only tension twins are observed in some
grains, whereas slip traces can be spotted in almost all observed grains. The dif-
ferent stress conditions and different strain rates existing under the two modes of
deformation lead to the activation of different deformation mechanisms.
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1 Introduction

The mechanism of plastic deformation has been studied in some detail in the past
[Yoo (1981); McDarmaid, Bowen and Partridge (1984); Vedoya, Pochettino and
Penelle (1988); Philippe, Serghat, Houtte, and Esling (1995); Panchanadeeswaran,
Doherty and Becker (1996); Kalidindi, Bhattacharyya and Doherty (2004); Prasan-
navenkatesan, Li, Field and Weiland (2005); Merriman, Field and Trivedi (2008);
Skrotzki, Toth, Kloden, Brokmeier and Arruffat-Massion (2008); Quey, Piot and
Driver (2010)]. Many efforts have been made in studying deformation twinning
and gliding in single and polycrystalline metals [Akhtar (1975); Akhtar, Teghtsoo-
nian and Cryst (1975); Kalidindi (1998); Field, True, Lillo and Flinn (2004); Jiang,
Jonas, Mishra, Luo, Sachdev and Godet (2007); Jiang and Jonas (2008)]. The me-
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chanical response of titanium, like other HCP metals, is strongly dependent on the
combination of active deformation modes: gliding and twinning. The specific de-
formation mechanisms depend on the c/a ratio, the available deformation modes,
the critical resolved shear stress (CRSS) for gliding, the twin activation stress as
well as the imposed deformation relative to the crystallographic texture. According
to previous work, {1012} tension twins, {1121} tension twins and {1122} com-
pression twins are activated during plastic deformation at room temperature. Due
to the compacity ratio c/a <1.633 in titanium, prismatic glide is the easiest one at
room temperature but basal and pyramidal glide were also observed [Pochettino,
Gannio, Edwards and Penelle (1992)].

However the previous studies concerning the texture and deformation modes were
mostly performed after a certain amount of deformation either by of X-ray diffrac-
tion (XRD) or by transmission electron microscopy (TEM). Therefore the initial
orientation of the individual grains and the evolution of the orientation flow during
deformation were not documented. Moreover, after a certain amount of deforma-
tion, twinning and gliding were both active and interacted with each other. Thus it
was difficult to resolve the specific orientation condition to activate each deforma-
tion mode (either twinning or gliding). Therefore, the present work is devoted to
these aspects, providing the lack of information in the literature. In order to follow
the evolution of individual orientations during the deformation and to determine
the effect of initial orientation on the deformation modes, an interrupted “in situ”
EBSD investigation method was proposed. In this method, we follow a sufficient
number of grains and perform EBSD measurement in the same area, prior to and
after the deformation. Thus it is possible to acquire detailed orientation informa-
tion of these grains in the interrupted step of deformation and identify the active
deformation modes.

2 Experimental

The as-received material was hot-rolled and then annealed commercial purity tita-
nium sheet of 1.5 mm thickness with the composition given in table 1.

Table 1: Chemical composition of commercially pure titanium T40

Elements H C N O Fe Ti
Composition ppm(wt.) 3 52 41 1062 237 Balance

In order to obtain a twin-free microstructure with equiaxed grains, a grain growth
annealing was performed at 750˚C for 2 hours. After the annealing, the samples
were mechanically and then electrolytically-polished in a solution of 200 ml per-
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chloric acid in 800 ml methanol at 17V (30 seconds) and at a temperature of 5˚C
before deformation. Then, the samples were cold rolled or compressed in chan-
nel die in two passes respectively, first to 10 % and then to 20% reduction. To
perform interrupted “in situ” measurement, a 500×300µm2 area was carefully pol-
ished and marked out with four micro-indentations. The orientation of all the grains
in this polished area was measured by SEM/EBSD before and after each deforma-
tion step. The rolling and channel die compression layout is illustrated in Fig. 1.
Both sheets of the sandwich were firmly stuck together to avoid any surface sliding
during the rolling in order to maintain a good surface quality. EBSD measurements
were performed with a JEOL-6500F SEM with a step size of 0.4 µm. The evo-
lution of grain orientation during deformation will be presented later both by pole
figures and orientation flow fields.

 

Figure 1: The preparation of samples and arrangement of the rolling and channel
die compression tests

3 Deformation in rolling

The orientation map of the grain growth annealed sample shown in Fig. 2 (a)
reveals a completely recrystallized microstructure with an average grain size of 10
µm. The {0002}-pole figure (PF) in Fig. 2 (b) shows two strong maxima at ±30˚
tilted from ND towards TD, whereas the {1010} PF displays the maximum pole
densities parallel to RD. In this work, the setting of the coordinate systems and the
Euler angles {φ1,Φ, φ2} are defined according to Bunge’s convention, see Bunge,
Esling and Muller (1980).

The lattice rotation was studied after each rolling pass. The orientation of each
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individual grain was carefully determined, so that the lattice rotation of each grain
could be brought in relation to its own orientation as well as to that of its neigh-
bouring grains. It was found that {1122} compression twins (the misorientation
between the twin and its matrix corresponds to a 65˚ rotation about their com-
mon <1010> axis) and {1012} tension twins (85˚ about <1210> axis [Philippe,
Esling and Hocheid(1988)]) were most frequently observed (Fig 3). The respec-
tive amount of these two types of twinning was further presented by means of the
misorientation-angle distributions in Fig. 4. It is seen that after 10% rolling (Fig.
4 (b)), 65˚ misorientation occurs most frequently, suggesting that {1122} twinning
was predominant at this stage of deformation. This result is reasonable considering
that the initial orientation favors the activation of this compression twin. Whereas
when rolling continues to 20%, {1012} tension twinning was remarkably increased
(Fig. 4 (c)). The orientation analysis could be studied from the microscopic point
of view of the crystal reorientation step by step, in terms of the rotation flow field.
A small arrow is plotted in the Euler space between the initial grain orientation
and the final grain orientation. This field of small arrows offers a graphical repre-
sentation of the rotational flow field. The flow field can be defined and plotted in
the Euler space, and represents an efficient tool to describe the texture evolution
through modeling, e.g. Clement and Coulomb (1979), Bunge and Esling (1984),
Knezevic, Kalidindi and Fullwood(2008).

In the present case of hexagonal material, due to the particular importance of the
c-axes, we choose to plot the small arrows linking the initial orientation and the
final orientation in the two dimensional [0001] pole figures. For further discussion,
it was of interest to plot separately the rotation flow field of the grains without twins
on the one hand (Fig.5 (a)) and the rotation flow field of the matrix of the grains
with twins (Fig. 5 (b)). It is seen from Fig 5 that both orientation flow fields are
similar, but for a smaller amplitude of the rotation of the matrix of twinned grains,
as compared with that of the grains without twins.

Thanks to the interrupted "in situ" method used in the present work, we can follow
the evolution of the twins (from nucleation to growth) in each grain. Fig. 6 shows
one selected grain before and after each rolling pass. In the figure, the blue lines
represent the {1012} twin boundaries and the red lines the {1122} twin boundaries.
It is interesting to find that {1122} compression twin appears in the grains with c-
axes close to ND. The twinned part grows during the deformation process and the
c-axes of the twinned part, reoriented 65˚ to those of the matrix, are in an orienta-
tion favorable for the activation of the {1012} tension twin. Subsequently, {1012}
tension twin activates inside this "new grain" formed by the primary compression
twin, and this new secondary twin builds a double twin. So two types of twins,
tension and compression twins can form in one and the same grain, compression
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Figure 2: EBSD orientation mapping (a) and 0002, pole figures (b).

twins as first order and tension twins as second order twins. In other words, the
{1122} twinning brings the c-axis of the twinned part out of the stable orientation.
The twinned part is favorably oriented to initiate a tension twin. Then the {1012}
tension twin forms, reorienting the c-axis of the newly twinned part into a stable
orientation.
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Fig. 3: Orientation micrograph of one selected area, 
before rolling (a), after 10% (b) and 20% (c) rolling. 
Blue lines: { 2110 } twin boundaries; red lines: 

Figure 3: Orientation micrograph of one selected area, before rolling (a), after 10%
(b) and 20% (c) rolling. Blue lines: {1012} twin boundaries; red lines: {1122}
twin boundaries.

Slip traces are observed in some grains in the post-deformation EBSD map. In
order to identify the activated glide systems corresponding to the traces observed,
the possible traces of all possible glide planes [Partridge (1967)] are calculated in
the crystal coordinate system, using the orientation data of the related grains and
comparing with the observed traces. Consequently, basal <a>, prismatic <a> and
pyramidal <a> or <c+a> glide systems are identified in this work.

4 Deformation in channel die compression

In channel die compression, only one type of twin - {1012} tension twin is ob-
served and the amount of twinned grains is very low, only 1.07% of the observed
grains, which cannot be clearly resolved from the misorientation-angle distribution
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(a) 
(b) 

(c) 

Figure 4: Misorientation-angle distributions of samples deformed to 0% (a), 10%
(b) and 20% (c) reduction.

 

(a) (b) 

 Figure 5: Rotational flow field in grains showing no twins (a). Lattice rotation field
in untwinned part (or matrix) of grains showing twins (b).

diagram in Fig. 7.

Compared with rolling, numerous slip traces are observed in a great number of
grains in EBSD maps after channel die compression. Using the above trace com-
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parison method, basal <a>, prismatic <a> and pyramidal <a> or <c+a> glide are
identified. A statistical set of 100 randomly selected grains with slip traces is stud-
ied. The occurrence of various glide systems in the studied grains is listed in Table
2. It is seen that among the activated glide systems, 11% are basal <a>, 51% are
prismatic <a> and 38% are pyramidal <c+a> or <a>. The Schmid factors for the
three glide systems were calculated, and the calculation indicated that most grains
have high Schmid factors for pyramidal <c+a> glide system but low Schmid factors
for basal <a> and prismatic <a>. This is due to the strong texture which means a
majority of grains belong to one main orientation mode.

 

 
Figure 6: Initial grain with c axis close to the ND (dark red) (a); 10% deformation:
{1122} compression twins outlined by red lines (b); 20% deformation: a part of
{1122} twins undergoes secondary {1012} tension twinning, (c). outlined by blue
twinning boundaries delimiting the tension twin (in yellow colour).

 

 Figure 7: Misorientation-angle distribution, before compression (a) and after 20 %
compression (b).
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Table 2: Activated glide systems in 100 randomly selected grains.

Activated glide system frequency
Basal <a> 11%

Prismatic <a> 51%
Pyramidal <a> or <c+a> 38%

5 Discussion

Orientation analysis indicates that at 10% reduction, the c-axis of the grains with
{1012} twins (tension along c-axis) is oriented close to the rolling direction, as
shown in Fig. 8 (a), whereas that of the grains with {1122} twins (compression
along c-axis) is oriented close to the sample normal direction, as shown in Fig. 8
(b). These results are coherent with the theoretical expectations (Fig. 9). The c-
axis of the {1012} and {1121} twinned part in each grain is systematically oriented
close to a stable orientation belonging to the rolling texture component, however,
the {1122} twinning leads the c-axis of the twinned part oriented close to the rolling
direction i.e. to an unstable orientation. As shown in Fig. 10, the {1012} twinning
reorientates the c-axis by 84.78˚as schematized with the blue arrow in the figure.
Likewise, the {1122} twinning reorientates the c-axis by 64.62˚ as schematized
with the red arrow. The green area is delimiting the stable orientation belonging to
the rolling texture (characterized by c axes tilted about 30˚ from ND to TD). From
the figure, we can see clearly that the {1012} twinning reorientates the matrix to
the stable orientation whereas {1122} twinning acts reversely.

An interesting result of this study is that the effect of twinning on strain accom-
modation is to create a newly oriented zone (a new grain) and does not induce
additional deformation mechanisms in the remaining matrix part of the grain. In
other words, the deformation mechanisms in the matrix part of the twinned grains
remain the same as those in the untwinned grains. The {1121} and {1012} twin-
ning tend to reorientate the c-axes close to stable orientations. Thus, there is no
tendency for secondary twinning to occur within such primary twins.

Secondary twinning only takes place in the {1122} compression twins whose c-
axes are orientated far away from the stable texture orientation. In such a case, the
new and major twins appearing inside the {1122} twins are {1012} tension twins.
This explains why when deformation is increased from 10% to 20% the amount
of {1012} tension twin dramatically increases. The c-axis of this secondary twin
orientates towards the stable orientation. We could hardly observe the presence of
any third-order twin, even after much higher deformation.

This can be easily understood by the relation between the geometrical and energet-
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Figure 8: Initial {0002}-Pole figure of grains having {1012} twin (a) and Initial
{0002}-Pole Figure of grains having {1122} twin (b) after 10% deformation.

 

 Figure 9: (0002) Pole Figure delimitating schematically the orientation domains of
the c-axes of the grains in which the indicated twinning is expected to be activated
(theoretical expectations).
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Figure 10: Schematical reorientation of c axes by {1012} twinning (blue) and
{1122} twinning (red arrow).

ical characteristics of twinning. Several models have been developed to describe
the nucleation of twin [Eshelby, J.D. (1957); Christian, J.W. (1958)]. These mod-
els are based on a “pole mechanism” i.e. a dislocation whose Burgers vector has a
component normal to the twin planes equal to their spacing and a partial dislocation
connected to this pole. The pole can be seen as a dislocation source and the par-
tial dislocations are produced continuously in the planes parallel to the twin plane
during deformation. If the path in which the partial dislocations move is short, the
dislocations will easily be blocked, pile up and react to the source disabling it. De-
formation twins always have a lenticular shape, since the interface can deviate from
the twinning plane without greatly increasing the twin-interface energy [Partridge
(1967)]. In addition, the strain energy increase should also be taken into account,
approximately equal to (c/r)µS2, where c and r represent the thickness and length
of the twin, µ the shear modulus and S the twinning shear. Hence, secondary twins
are already confined in a small volume due to the lenticular shape and cannot pro-
vide enough free path to develop a higher order twinning. In fact, in titanium alloys
it is difficult to induce twinning at room temperature once the size of the matrix
drops below the range of about 10 µm.

A major benefit of the interrupted "in situ" method is that we can follow the defor-
mation process step by step. For example, in the grains having their initial c-axis
close to ND for which secondary twinning occurs inside the primary twins, we can
clearly discriminate the initial matrix from the primary twins thanks to the in-situ
orientation information. In this case the primary twinned area is much larger than
the remaining matrix and thus represents the “new matrix” for possible subsequent
secondary twinning.
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The effect of the neighboring grains slightly modifies the orientation in the vicinity
of the grain boundary. This leads to a larger spread in the orientation measured in
the vicinity of the grain boundary when the neighboring grain is strongly misori-
ented with respect to the considered grain.

Compared with rolling, channel die compression showed a simple deformation
mode including only {1012} tension twinning and various gliding. The primary
reason is the simple stress condition applied in channel die compression. There-
fore, we used the channel die compression results to clarify the effect of grain size
on twinning.

357 grains with orientation favorable to the activation of {1012} twinning were
selected and divided into three groups according to their diameter. Group 1: 0 to
10 µm (221 grains); Group 2: 10 to 20 µm (129 grains); Group 3: 20 to 30 µm
(7 grains). The calculated percentage of grains with twins for the three groups is
shown in Fig.11. It is clear that with the similar orientation (c axis tilted 70o ∼ 90o

from normal direction ND), no twin occurs in the grains smaller than 10µm. With
the increase of the grain size, the occurrence of the twin increases. Hence, grain
size is an important factor affecting twin activation. The reason can be understood
from geometrical and energetical considerations we introduced above.

 

 Figure 11: Percentage of twinned grains in the three different grain-size groups
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6 Conclusion

Twinning occurs in grains having specific orientations. Generally, the reorientation
induced by twinning aligns the c-axis of the twinned part to the stable rolling tex-
ture orientation, so that no further secondary twinning can be induced. Secondary
twinning occurs only when the primary twinning orientates the c-axis of the pri-
mary twins far away from the stable orientations (this is generally the case for the
{1122} twinning). The formation of the {1012} secondary twin inside the {1122}
primary twin results in a reorientation of the c-axis of the secondary twin to a sta-
ble orientation. Only a little amount of second order twin could be observed and
twinning of higher than second order was not found.

The rotation of the matrix-part of the grains having twins is similar to that of the
non-twinned grains with similar orientation. The twinned part of a grain can be
considered as a new grain. When twins grow within the grain, they can consume
almost the whole matrix. Special attention should be paid when determining the
twinned volume fraction. With the EBSD measurement, a strong increase of the
twinned volume could be demonstrated. This contradicts the conventional judge-
ment that the twinned part is always the smallest part in a twinned grain, as con-
cluded by optical microscopy. Only step by step EBSD orientation mapping allows
an unambiguous determination of the twinned volume fraction. The confirmation
that the order of twinning never exceeds the second order is very useful for the
modeling polycrystalline plasticity in metals, such that the order allowed for twins
should be restricted to only the first and second order (also called double twins).

Prismatic glide is the predominant glide system (51%), basal and pyramidal glide
take 11% and 38% respectively. The relatively higher amount of pyramidal glide
can related to the initial transverse or T-texture.
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