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a b s t r a c t

Mechanical properties of the Ti50–Ni47–Co3 (at%) strips produced by twin-roll casting are analyzed,
focusing on the maximum recoverable strain obtained by inducing the martensitic transformation under
constant tensile load. The recoverable strain achieves a value close to 5.5% for a load of �120 MPa. The
microstructure shows a typical cellular solidification structure, where the austenite grains tend to a
columnar array morphology with strong f100gB2 fiber texture aligned with ND (perpendicular to the strip
surface). On the basis of the measured texture, the maximum B2-B190 transformation strain was
estimated at 5.6%, using a Sachs-type upper bound model, which averages the most favorable martensite
variants in each grain, disregarding interactions between them. The agreement between the measured
maximum recoverable strain and the model0s outcome is ascribed to special properties of Ti–Ni alloys,
which allow them to overcome incompatibilities in shape changes of transforming grains in this
particular polycrystalline environment.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Ni–Ti shape memory alloys (SMA) are recognized due to their
remarkable functional and physical properties, such as large recover-
able strains, corrosion resistance and biocompatibility. This system is
nowadays the most widely used in the biomedical field. For some
specific applications, the transformation temperatures, hysteresis, and
relative stabilities of the phases involved in the underlying martensitic
transformation must be modified. This has led to the exploitation of
different tools of the physical metallurgy, and in this work we make
use of two of them: the addition of a third element and the use of
rapid solidification non-conventional production technique.

A small amount of Co is introduced in order to promote the
separation of the B2-R and R-B190 transformations, due to a
shift of MðB190Þ

s downwards lower temperature range [1,2], which is
more appropriate for some dental and medical applications [3]. On
the other hand, the twin-roll casting (TRC) is a powerful technique,
which allows us to obtain semi-finished strips in a one-step
procedure directly from the melt. Moreover, a favorable micro-
structure with a columnar grain morphology and a small grain size
can be achieved [4–6].

It is known that the texture plays a very important role in
determining the recoverable strains of polycrystalline shape memory

alloys [7]. Rapid solidification produces strong textured columnar
grains, where ½001�B2 is parallel to a normal direction, and then the
strip presents a mixture of ½100�B2 and ½110�B2 directions, in length
and width [8] (directions of type ½uv0�B2, distributed between ½100�B2
and ½110�B2, lie parallel to the strip plane). This orientation distribu-
tion could mean a priori certain drawback in such polycrystalline
aggregate in order to maximize the transformation strain of a Ti–Ni
based alloy. Here, it is worth noting that for the B2-B190 transition
the maximum value is achieved for the 〈355〉B2 directions (above
10%) and directions clustered around, while lower values are
obtained for directions spreading between 〈100〉B2 and 〈110〉B2
(between �4% and �9%).

The results reported in the literature remain somewhat con-
troversial: Shu and Bhattacharya [9] evaluated the inner bound of
the transformation strain, imposing the same strain on each grain,
assuming a strong constraint between neighboring grains. These
authors recommend this inner bound as a reasonable estimation
of the recoverable transformation strain. Under these hypotheses,
the recoverable strain was predicted around 2.3% in Ti–Ni alloys
with f001gB2 fiber texture.

In Ti–Ni twin-roll strip Goryczka and Ochin [10] reported a
recoverable experimental strain of about 3%. Similar values of
strain were measured in a Ti–Ni–Co3 twin-roll strip [11]. In melt
spun Ti–Ni ribbons with this texture, Eucken and Hirsch [12]
reported that a reversible strain reach 4%. However, most recently
[5,13], recoverable strains between 5% and 6% were observed in
Ti–Ni–Cu5 and Ti–Ni meltspun ribbons respectively.
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For additional insights into the factors involved in the recover-
able transformation strain in the strong textured Ti–Ni alloys, we
analyzed a Ti50–Ni47–Co3 strip produced by twin-roll casting. The
recoverable transformation strain measured in load-biased ther-
mal cycling through the martensitic transformation was compared
with upper bound of the value predicted by a simple model. This
model averages the strains of the constituent grains disregarding
their interactions, and taking into account the texture of the rapid
solidified strip by introducing the inverse pole figure as a weight
function.

2. Experimental set-up

The twin-roll casting consists in the solidification of a melted
alloy between two symmetrical rollers, which produces a contin-
uous solid sheet. These rollers rotate at high speed in opposite
directions. This system is located in a vacuum chamber in a
purified helium atmosphere to protect the material from oxidation
and improve thermal conductivity inside the chamber. The melted
alloy, placed in a quartz nozzle, is ejected by supplying a pressure
of argon, into the nip of the rollers. The processing parameters
used in the production of the Ti50–Ni47–Co3 strip are given in
Table 1. For detailed description of the twin roll casting procedure
applied to Ti–Ni based alloys see Refs. [10,14].

The transformations were characterized by a Mettler DSC 30
differential scanning calorimeter. The electrical resistivity behavior
was characterized in a.c. mode, using a generic function generator
and a Sr-530 Lock-in amplifier. Strip microstructure was observed
using an Olympus PME3 optical microscope and a FEI TECNAI F20
transmission electron microscope (TEM). The specimens were
mechanically polished up to 1 μm diamond paste and etched with
1HFþ4HNO3þ5H2O solution for the optical microscope analysis.
The thin foils examined in the TEM were prepared with a double
jet using 95% acetic acid and 5% perchloric acid. The pole figures
were recorded with a Philips X0 Pert Pro MPD diffractometer,
equipped with a Cu tube, X-ray lens optics, parallel plaques and a
graphite monochromator on the outcoming beam and an Eulerean
Cradle for texture measurements. Measured pole figures were
corrected for defocusing and background and further analyzed by
WXpopLA to obtain orientation distribution functions and guar-
antee pole figure compatibility.

Load-biased thermal cycling was performed in a custom-built
machine, which allows us to apply a constant load and program
cooling/heating cycles. The machine has an Instrom load cell
(5 kN) to measure the stress. The strain is measured by an
Epsilon 3542 axial extensometer with 10 mm gauge length,
clipped between the specimen grips. The sample was cooled with
nitrogen vapor, so it was necessary to enclose the sample and the
grip in an acrylic cylindrical chamber. Two electrical tubular
cartridge heaters inserted into drilled holes of the grip body were
used for heating. The system sketch is shown in Fig. 1.

The temperature was measured by a K-thermocouple located in
the center of the sample. Besides, the sample was isolated with
alumina wool, in order to be cooled and heated by temperature

conduction from the grips, keeping the temperature uniform
through the assembly of a lower grip–sample–upper grip.

3. Results

3.1. Thermal-induced transformation and characteristic
temperatures

A DSC measure of the as-cast strip is presented in Fig. 2(a). The
Ti50–Ni47–Co3 strip undergoes two subsequent martensitic trans-
formations, the first from the B2 parent phase to rhombohedral R-
phase and the second transformation between R-phase and mono-
clinic B190. The R transformation has small temperature hysteresis

Table 1
Twin-roll casting parameters.

Material Ti50Ni47Co3

Melt temperature (K) 1783
Roller material Cu-Co-Be
Rollers speed (m s�1) 0.6
Ejection pressure (mbar) 250

Fig. 1. Thermal cycling load-biased system.
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Fig. 2. DSC (a) and resistivity vs. temperature (b), cooling and heating curve of the
Ti–NiCo3 strip.

L. Isola et al. / Materials Science & Engineering A 597 (2014) 245–252246



5 K and happens near to 248 K, while the transformation to B190 is
characterized by a large temperature hysteresis (50 K) and a wide
peak in the cooling curve. Goryczka, in Ref. [2], showed that this
wide peak is narrowed when successive cycles are performed and it
is stabilized after 15 cycles. On heating, we observe two peaks that
partially overlap, so that there is no distinct separation for the two
corresponding reverse transformations.

The resistivity vs. temperature curve plot is shown in Fig. 2(b).
The R-transformation involves a sharp linear increase in resistivity
upon cooling and then, by further cooling, a deviation from the
initial behavior is compatible with the formation of a third phase
with lower electrical resistance, the B190 martensite. Then, the
resistivity decreases in the subsequent forward transformation
from R-phase to B190.

On heating, the reverse transformation from B190 to R-phase
leads to a strong increase of the electrical resistance, and then, in
correspondence with the second DSC peak interval on heating, the
strong decrease in the electric signal corresponds to the formation
of the parent B2. This is the typical behavior of the Ni–Ti alloys
resistivity, where R-phase is present [15,16]. The transformation
temperatures are listed in Table 2.

3.2. Microstructural characterization

Fig. 3(a) shows the cross section profile of the strips: the
crystallization front proceeds from the surfaces in contact with
the wheels, so that transversely elongated grains grow from both
sides and joint at an interface revealed by the central axes in the
micrograph (see the straight line indicated by an arrow). The
directional solidification from the surface towards the strip core
originates grains of columnar morphology, whose sizes are of the
order of 6–20 μm in section and 100 μm in the elongated
direction.

Fig. 3(b) shows the optical image of the surface obtained, after
removing a surface layer by polishing. A rather uniform equiaxial
grain structure is observed. It means that the columnar grain cross
section is of a regular shape.

On a finer scale, TEM observations in samples cut out parallel to
the strip surface show a typical cellular solidification structure.
These cells can be seen in Fig. 4, they are delineated by precipi-
tates, and they have a characteristic dimension of about 1 μm.
In Fig. 4(b), it can be observed that the selected area diffraction
patterns do not change significantly across the cell boundaries and
confirm them as an internal structure of the columnar grains.
These selected area diffraction patterns were obtained moving
along a vertical line, where two low angle cell boundaries were
observed.

Keeping this in mind, special care must be taken in grain size
evaluation, since the actual size of the grains could be under-
estimated when this is obtained processing optical images, since
the chemical etching attacks both the grain and the cell bound-
aries (see Fig. 3(b)). Because of this in this paper the values for

grain size were obtained by complementing data from optical and
TEM micrographs.

Few dislocations are introduced by the twin roll casting proces-
sing route. As can be observed in Fig. 4(a), they are randomly
distributed in the grains. The micrograph reveals the presence of
precipitates located mainly at the cell boundaries and along the grain
boundaries. Many authors reported the presence of the Ti2Ni
precipitates for this kind of strips obtained in the same way. Never-
theless, we consider quite plausible the formation of second phase
Ti4Ni2O particles as it was pointed out by Dalle et al. [14], who
determined oxygen content in twin roll cast Ti42–Ni50–Hf8 strips. The
structures are similar to very close cell parameters. In spite of their
rather low volume fraction, these precipitates were identified in the
X-ray diffractograms as Ti4Ni2O (see Fig. 5).

Fig. 6 shows other microstructural features, a morphological
inhomogeneity eventually observed: in some regions, “round
islands” are noticed, with a radial structure of fine grains. These
“islands” are commonly reported for twin-roll cast strips [11,14],
and they should be ascribed to drops of liquid metal embedded in
the solid strips that cooled down more slowly and develop a radial
structure.

3.3. Texture analysis

To reveal the presence of texture of the Ti50–Ni47–Co3 strip, the
pole figures of f110gB2, f100gB2 and f211gB2 were measured (Fig. 7).
The strong texture in the f100gB2 pole figure is typical in the twin-

Table 2
Strip transformation temperatures. The superscripts c and h refer to the cooling and
heating curves, respectively.

Measurement technique Rcs (K) Rcf (K) Ms (K) Mf (K)

DSC 249 241 207 174
Resistivity 248 243 207 181

Rhs (K) Rhf (K) As (K) Af (K)

DSC 229 246 246 253
Resistivity 232 245 245 253

Fig. 3. Optical micrograph of the Ti–Ni–Co3 strip. Transverse section (a) and surface
(b). In (a), the blue arrow indicates the interface between the two solidification
fronts. (For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this paper.)
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roll cast strip (a not surprising result if we bear in mind that
columnar grains with a preferential axis ½100�B2 direction parallel
to the heat flow are developed in cast of bcc metals; it corresponds
also to the most frequently obtained orientation in crystal growth
of bcc metal by the Bridgman method). Its maximum normalized
intensity is about 40 in a normal direction (ND) to the strip
surface. The f110gB2 pole figure shows its maximum at θ¼451,
and almost random distribution in an azimuthal angle with small

local maxima in the rolling (RD) and transverse direction (TD). This
means that the B2 cubic structure has a face parallel to the strip
surface and an almost random distribution in the directions of the
strip plane.

The calculated inverse pole figures are presented in Fig. 8.
According to the previous discussion, the inverse pole figure in the
rolling direction has almost uniform distribution between ½100�B2
and ½101�B2 directions.

3.4. Sachs bound calculation: B2-B190 transformation strain

The upper bound or the Sachs bound of the recoverable
transformation strain is calculated assuming that the most favor-
able and unique martensite variant grows in each grain to induce
maximum deformation [17]. The transformation to the intermedi-
ate R-phase is not taken into account since we consider the
difference between the final and initial state disregarding any
special path. Then, the transformation strain in each grain can be
calculated from the lattice distortion due to the martensite
transformation and using the lattice constant of the parent and
martensite phase. In the calculation, the lattice constant of
Ni50.7Ti49.3 (235 K) [18] is used: a0 ¼ 3:0069ð4ÞÅ for the B2 phase
and a¼ 2:8786ð2ÞÅ, b¼ 4:1340ð2ÞÅ, c¼ 4:6215ð4ÞÅ and β¼ 96:474
ð8Þ1 for the B190 phase.

The lattice distortion matrix T 0 written in martensite coordinate
is [15,17]:

T 0 ¼

a
a0

0 c cos ðβÞffiffi
2

p
a0

0 bffiffi
2

p
a0

0

0 0 c sin ðβÞffiffi
2

p
a0

0
BBBB@

1
CCCCA

ð1Þ

Using the R coordinate transformation matrix from the mar-
tensite to the parent phase, the lattice distortion matrix in a parent
phase coordinate can be obtained as follows:

T ¼ RT 0Rt ð2Þ
where Rt is the transpose of R. Then, the deformation in any x
vector of the B2 phase is transformed to x0 through the martensite
transformation using:

x0 ¼ Tx ð3Þ
Hence the strain in the direction due to the lattice distortion is

ɛ¼ jx0j�jxj
jxj ð4Þ

In the cubic to monoclinic transformation, there are 12T
symmetry-related variants of martensite, therefore there are 12
symmetry-related lattice distortion matrices. Hence, in order to
calculate the maximum strain (ɛM) in each grain, it is necessary to
maximize the expression (4) on the 12 martensitic variants. Fig. 9

Fig. 4. TEM bright field inside the grains, where it can be seen the dislocations and
the precipitates (a) TEM bright field and the corresponding selected area diffraction
patterns obtained from a columnar grain of the strip (b).

Fig. 5. X-ray diffractogram of the NiTiCo3 strip. The diffraction peak of the Ti4Ni2O
precipitates are indicated with ♦.

Fig. 6. Optical micrography of a round island.
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shows the ɛM for each direction expressed by contour lines in the
stereographic triangle.

Finally, the Sachs bound is calculated averaging ɛM on the
inverse pole intensities (Ii), this can be done with the following
expression [17]:

ɛM ¼∑N
i ¼ 1ɛ

i
MI

i

∑N
i ¼ 1I

i
ð5Þ

where N¼361 is the number of points in the inverse pole figure
used in the calculation in order to take into account the polycrystal
texture. Using the rolling direction inverse pole figure reported in
Fig. 8, the Sachs bound in the rolling direction is 5.6% for our Ti–
Ni–Co3 twin-roll strip.

From the expression (5) it is straightforward that the Sachs
bound uncertainty depends on the inverse pole intensities and
lattice parameter uncertainties. In order to estimate the impor-
tance of the inverse pole intensity uncertainty, the texture was
measured in different places of the strip. In all cases the change in
the Sachs bound value was lower than 0.4%. On the other hand, the

influence of the lattice parameter uncertainty might be more
critical. For instance, if the lattice parameters B2 were 0.01 Å
lower, the Sachs bound grows to 5.9%. However, from XRD
experiments reported in [19], the 3% Co addition to Ti–Ni modifies
the lattice parameters of both phases in less than 0.2%. Therefore,
the lattice parameters of Ti–Ni taken from [18] are suitable for our
assessment.

3.5. Load-biased thermal cycles

Several thermomechanical series were performed to test the as-
cast Ti50–Ni47–Co3 strip. The external stress was increased up to
120 MPa, setting the load during the hold time at the upper
temperature limit for each cycle. Fig. 10 shows the strain loops of
the thermal-cycle experiments at different constant tensile load for
a representative sample. It can be seen the two transformations
between B2-R and R-B190 in every curve. The former appears as
a small elongation in the cooling part at about 255 K and the latter,
which is much larger, happens at about 235 K. As expected, an
increase of the transformation strain is observed as the applied load
raised, since the volume fraction of martensite variants promoted
by the external stress increases (these variants are responsible for
the macroscopic shape change). Maximum strain exceeds 6%,

Fig. 7. f100gB2, f110gB2 and f211gB2 pole figure measurements of the TRC strip.

Fig. 8. Inverse pole figures in normal, rolling and transverse directions.

Fig. 9. Maximum transformation strain (ɛM) expressed by contour lines on the B2
phase reference system. The maximum value (410%) is reached in the ½355�B2
direction.
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however the unrecovered strain is over 0.5% at stress higher than
90 MPa. Also, it is observed that the transformation temperatures
rise as tensile stress increases, according to the Clausius–Clapeyron
relation [20]. The shift is larger for the R-B190 than for the B2-R
due to the differences in the dependence of the transformation
temperature on the external stress in each transition [5].

Fig. 11 is a plot of recovered transformation strain as a function
of tensile stress. The maximum recoverable strain reaches a value
of about 5.5%, close to a saturation regime. This value is fairly close
to the Sachs bound limit (5.6%), calculated in previous section,
which assumes that each grain transforms as isolated grains
regardless of the interaction between them. The measured reco-
verable transformation strain is in good agreement with the values
obtained by Khantachawa et al. [13] and Santamarta et al. [5] on
Ti–Ni and Ti–Ni–Cu5 melt spun ribbons, respectively, with a
similar texture.

It should be noted that the strain is recorded with an extens-
ometer clipped directly at the level of the gauge length limits of
the specimen, and this provides a highly reliable value for the
transformation strain.

Moreover, this experimental set-up allows us to suppress the
shift between the cooling and heating branch normally observed
in this kind of experiments when the displacement is recorded by
means of a LVDT, which is usually fitted to the rod that connect
one of the grips to the load frame, or either on sideways. In such a
case a shift between the cooling and heating branches is intro-
duced due to temperature gradients between the sensor and the
grips-sample assembly, also the thermal expansion record of the
involved phases (i.e. the base-line) maybe slightly distorted, and
loops are usually observed at the run limits related to a delay in
the temperature heating/cooling rate inversion. Our assembly
guarantees that the signal recorded by the extensometer corre-
sponds to the actual deformation of the sample, reducing unde-
sired experimental artifacts.

4. Discussion

The closeness between the measured recoverable strain and the
Sachs bound is initially a somewhat surprising result. Shu and
Bhattacharya [9] indicated that the estimate based on a Taylor bound
(i.e. an inner bound obtained by assuming that the strain is
recoverable on every constituent grain and continuous on grain
boundaries, accounting intergranular constraints) is more compatible
with experimental values for many textures. They predict a uniaxial

recoverable extension of 2.3% for ribbons with f100gB2 solidification
texture. As it has been pointed out, the texture is a very important
factor in order to analyze the possible recoverable strain [21,22].
However, to rationalize whether the result approaches the upper
(Sachs type) or the inner (Taylor type) bound it is also necessary to
consider the particular microstructure and its effect on the grain
compatibility.

Regarding the microstructure, compatibility requirements are
reduced in the case of columnar grains and a strong texture
provides a coherency in the array of grains which can make easier
a cooperative accommodation of transforming domains. The
columnar grain morphology reduces the grain constraint [8], since
the boundary number is reduced through the thickness of the
strip. This means a better geometrical correspondence with an
idealized array of series connected grains, where the constant
stress Sachs approach holds. Although it is far from a bamboo-like
array reported for other shape memory alloys [23], the grains have
a greater freedom to deform independently in response to the
uniform applied stress with no regard to the constraint imposed
by its neighbors.

It is worth noting that the grain size produced by TRC
(6–20 μm) is large enough to neglect its effect on the macroscopic
thermomechanical behavior of Ni–Ti alloys, which appears in 100-
nm grains [24]. On the other hand, this grain size produces that
the unrecovered strain appears at relatively large loads (it is well
known the dependence of yield stress on the grain size [25]).

The other topic to be introduced in the analysis is the particular
properties of the underlying martensitic transformation, in order
to overcome strain incompatibilities at the grain level.

It is well known that when the polycrystalline body undergoes
a martensitic transformation under load, many grains will be
oriented favorably and others unfavorably with respect to the
applied stress. According to in situ optical microscope observa-
tions of Brinson [26] the transformation begins inside isolated
grains that are oriented preferentially with respect to the applied
stress. Models of Novák and Šittner [27] and Schlomerkemper and
Bhattacharya [28] have shown that the Sachs bound correctly
predicts the onset of the transformation in a granular polycrystal.

In this frame, when a critical temperature is reached, the
martensitic transformation will start in the grains most favorably
oriented and the most favored variant will appear and grow in
each of them. In a first stage, each grain deforms independently in
response to the uniform applied stress with no regard to the
constraint imposed by its neighbors. Afterwards, the misorienta-
tion will result in unbalanced transformation strain magnitudes
for neighboring grains, introducing local stress and strain fields.
The transformation is arrested by intergranular constraints and
can only proceed by further cooling.

Here is a problem of whether a single martensite variant can
finally fill the entire parent grain with increasing deformation. Due
to the lack of compatibility, further deformation is realized by
nucleation of other variants in the remaining austenite of the grain
domain, rearrangements of martensite variants, and also some
irrecoverable plastic strain can be introduced by applying an
external stress above certain limit.

In order to get a better understanding, it is useful to introduce
here Liu0s representation of the polycrystalline aggregate in which
a finite volume is considered to represent the “grain boundary
affected regions” (see Fig. 1 in Ref. [29]), where the compatibility
problems must be solved, and the grain interior region, where the
martensite variant promoted by the external stress grows in a
constrained-reduced environment. The close agreement observed
(Fig. 11) between the maximum recoverable strain and the upper
limit provided by the Sachs bound indicates that the most favored
variant in each grain shares the more volume percent as a whole
to the detriment of the grain boundary affected regions.
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These may result from the conjunction of many favorable factors,
among them the above-mentioned microstructural features. In addi-
tion to this, as was highlighted by Bhattacharya and Kohn [21] by
analyzing the change of symmetry associated with the transformation,
the alloys undergoing cubic to monoclinic structures have greater
freedom to rearrange martensite variants reducing damage and
irreversible slip at grain boundaries. And among this, Ti–Ni alloys
have unique characteristics [30]: the high variety of twinning and
reorientation process available in the B190 enables many options for
grain boundary mismatch accommodation. As much as in an inter-
mediate step a twinning correlated martensite pair can be easily
formed reducing local stresses at grain boundaries, then the de-
twinning process seems to be no difficult.

Another contribution to overcome the lack of strain compat-
ibilities is provided by the elastic and transformation anisotropies
of Ti–Ni in tension mode, which tend to compensate each other:
although the grains oriented in the 〈100〉B2 directions are relatively
“hard to transform” grains, they are capable of accommodating
large strains elastically due to their smallest Young0s modulus
(Fig. 8 in Ref. [31] provides a very illustrative representation of the
elastic and transformation anisotropies). Moreover, although the
〈100〉B2 oriented grains remain elastic in early stages of transfor-
mation, and transform at relatively higher stresses compared to
〈110〉B2, their proportion is rather low since the orientations are
nearly evenly spread between ½100�B2 and ½101�B2 (Fig. 8). Such a
compensation mechanism could be just operative in this poly-
crystalline array with f100gB2 solidification texture.

An alternative option to accommodate a mismatch for a “hard to
transform” grain is the intermediate cubic to trigonal transforma-
tion to the R-phase (responsible for the separate stages of yielding
in the thermal transformations under constant load shown in
Fig. 10). The transformation to the R-phase is highly thermoelastic,
involving reduced values of stress and hysteresis. Šittner et al. [32]
investigated the B2 to R-phase by in situ neutron diffraction, and
suggested that the apparent elastic modulus significantly decreases
from 70 to 20 GPa, when the R-phase transformation proceeds. The
R phase can easily be nucleated and could act as a local soft buffer
that smooths adverse misfit of adjacent grains.

In short, through the arguments presented in this section we
attempt to emphasize that, due to the conjunction of the resources
of Ti–Ni SMA to accommodate strain mismatch and a suitable
texture and microstructure morphology of columnar grains, Ti–Ni
alloys are able to fix compatibility problems in a relative confined
space. And, in view of the closeness of the experimental recover-
able transformation and the Sachs bound, the variant promoted by
the external stress nearly covers every parent grain.

We finally comment on the potential applications of these Ti–
Ni–Co strips as linear actuators. In the selection and tailoring of Ti–
Ni SMA for actuators the introduction of a fiber 〈111〉B2 in the action
line is pursued to maximize the transformation strain. This kind of
textures is common in Ti–Ni drawn bars [33,34] and wires [35].
Miyazaki observed a recoverable strain of nearly 6% for drownwires
[36], and values among 4% and 6% are reported in the literature [37–
40]. The recoverable strain presented in this paper for the strips
obtained by twin roll casting achieves a value of about 5.5%, i.e.
same order of the values reported for drawn wires. So, in spite of
their a priori not suitable f100gB2 solidification texture derived from
the elaboration procedure, these strips look promising as an active
part of SMA actuators, mainly where flat specimens are needed.
The elaboration procedure is rather complex, but near final-shape
actuators can be obtained in one single step, avoiding rolling
(or drawing)-recovery stages and additional thermomechanical
treatments needed in conventional cast alloys. The precipitates
introduced in the manufacturing process seem not to suppress nor
hinder the growth and rearrange of martensite phase. On the other
hand, they are effective in strengthening the material since nearly

closed loops are obtained indeed by applying loads of about
100 MPa.

5. Summary and conclusion

Ti50–Ni47–Co3 strips obtained by the twin roll casting process
show a typical solidification structure, where austenite columnar
grains tend to be oriented perpendicular to the strip surfaces (in
the sense of the solidification direction). The high cooling rate
leads to a solidification texture where the axial ½001�B2 is clearly
dominant.

The degree of shape recovery reaches a value of about 5.5% in
thermal cycling under load experiments. Using data of measured
inverse pole figures as weight function, we performed the calcula-
tion of the Sachs type upper bound, where it is assumed that the
most favorable and unique martensite variant grows in each grain,
disregarding the interactions between neighboring grains. The
outcome of this idealization leads to a transformation strain of
5.6%, slightly above the experimental value of nearly 5.5%.

Although having f001gB2 solidification texture means that there
are no variants with the maximum deformation completely
aligned in the direction of the applied stress, the maximum
reversible transformation strain is close to the most optimist limit.
Moreover, the value is comparable with the result reported in the
literature for other Ti–Ni based polycrystals with a priori more
favorable textures. The results show that strips obtained by twin
roll casting could be considered as a good option for flat actuators.
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