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The martensitic transformation properties (maximum strain, residual strain and transformation stability)
of Niso_x—Tiso—Coy strips produced by twin-roll casting (TRC) and standard casting (SC) were compared.
A complete microstructural characterization was carried out on both samples using optical microscopy, trans-
mission electron microscopy (TEM), electron backscattering diffraction (EBSD-SEM), energy dispersive X-ray
spectroscopy (EDS-SEM), X-Ray diffraction and differential scanning calorimetry (DSC). According to the results
obtained by DSC and load-biased thermal-cycling measurements, the TRC strip is more stable and has lower re-
sidual strain than the SC strip for loads below 90 MPa. Using the austenitic texture of each strip, the recoverable
strain upper bounds of the martensitic transformation (Sachs' bound) were calculated. A comparison between
the measured maximum recoverable strain and the Sachs' bound, allows us to discuss how the particular micro-
structures produced by the two production techniques affect the strip's shape memory properties.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Ni-Ti shape memory alloys (SMA) are recognized for their remark-
able functional and physical properties: large recoverable strains; corro-
sion resistance; and biocompatibility [1]. The addition of Co to Ni-Ti
alloys produces a shift of M{'®) downwards into a lower temperature
range [2-4], which is more appropriate for some dental applications
[5], increases the yield strength [6], and improves the stiffness [7].
Moreover, Ni-Ti-Co has biocompatibility properties similar to the bina-
ry alloy [8] and the addition of Co enhances greatly the corrosion resis-
tance in an artificial urine solution [9].

In the recent past, different advanced techniques have been used to
tune or tailor the microstructure and shape in order to improve me-
chanical and functional properties of SMA [10-13]. Among these,
twin-roll casting (TRC), a rapid solidification technique, has been intro-
duced to obtain sheets with small grain size in a single processing step
[14-16]. TRC has several advantages over traditional methodologies. It
is a method, where the total cost and time is reduced, by avoiding the
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lengthy thermomechanical treatment needed for conventional casting
and metallurgical processes. Rapid solidification procedures also lead
to a product with a microstructure of unusual and interesting features:
these strip microstructures are characterized by strongly textured
[001]5, columnar grains parallel to the normal direction (ND), and a
mixture ranging from [100]p, to [110]p, directions in the rolling (RD)
and transverse directions (TD) [17] (directions of type [uvO0]p,, distribut-
ed between [100]p, and [110]py, lie parallel to the strip plane).

Many practical applications of shape memory alloys require a large
number of thermomechanical cycles and a stable shape memory effect
[18]. Therefore, SMA properties are usefully characterized by the trans-
formation temperatures and the recoverable and residual strain during
thermal cycling. Another important parameter is the transformation
hysteresis, e.g. a small hysteresis is required for fast actuation applica-
tions (such as MEMSs and robotics) [1].

In a polycrystalline SMA, the austenitic texture sets an upper bound
to the maximum recoverable strain [ 19,20]. This upper bound, called the
Sachs' bound, is assessed assuming that the most favorable and unique
martensite variant grows in each grain in order to induce maximum de-
formation [21,22]. Nevertheless, the real recoverable strain could be
lower than the Sachs' bound [23] and might change with the successive
cycles [24,25].
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The residual strain during thermo-mechanical cycling results from a
number of factors, the most important being plasticity, caused by lattice
mismatch between austenite and martensite [26] and martensite pin-
ning by defects [27].

The goal of this work is to compare the properties (maximum strain,
residual strain and transformation stability) of the Nisg_,~Tiso—Cox (X =
3, 4) strips produced by two different techniques (standard processing
and twin-roll casting) and to perform a detailed analysis of the results
taking into account the microstructural characteristics of the two
kinds of strips.

2. Experimental set-up

The twin-roll casting technique consists of the solidification of a
melted alloy between two symmetrical rollers, which produces a con-
tinuous solid sheet. These rollers rotate at high speed in opposite direc-
tions. The entire system is located in a chamber with a helium
atmosphere in order to prevent oxidation and improve thermal stabili-
ty. The melted alloy, placed in a quartz nozzle, is injected into the roll
gap by argon gas pressure. The processing parameters for the Nig;—
Tiso—Cos strip are given in Table 1. A more detailed description can be
found in reference [28].

In order to produce strips by a standard processing technique (this
technique will be referred with acronym of Standard Casting SC),
Niye-Tiso—Co4 alloy ingots were produced in a high-frequency induction
furnace under an argon atmosphere. The ingots were 50 mm long and
10 mm in diameter. These ingots were hot rolled at 1073 K to reduce
the thickness to 3.5 mm. Then, the sheets were room temperature rolled
to 0.5 mm in several steps with intermediate anneals at 1073 K. The final
thickness reduction, after the last intermediate anneal, was 39%. Finally,
the strips were annealed at 873 K for 10 minutes followed by water
quenching.

The transformations were characterized with a Mettler differential
scanning calorimeter (DSC). The DSC measurements for each cycle
started by cooling the strips from 340 K to 140 K at a rate of 10 K/min.
The samples were held at 140 K for 5 min and then reheated to 340 K
at a rate of 10 K/min. At 340 K, the samples were held for 5 min. The
characteristic direct and reverse transformation temperatures were de-
termined as the intersection between the interpolated baseline and the
tangents to both sides of the peak.

Strip microstructures were observed using an Olympus PME3 optical
microscope, an FEI-FEG Quanta 200 scanning electron microscope
(SEM) using a TSL-EDAX EBSD system, a Leitz AMR 1000 SEM using
an Oxford Silicon Drift Detector for EDS analysis and an FEI TECNAI
F20 transmission electron microscope (TEM). The specimens were me-
chanically polished through 1 ym diamond paste and etched with an
aqueous solution of 10 vol.%HF p.a. and 40 vol.%HNOs p.a. for the optical
analysis. The SEM samples were mechanically polished and finished
with colloidal silica to give an average surface roughness appropriate
for EBSD experiments. The thin foils examined in the TEM were pre-
pared with double-jet polishing using 95 vol.% Acetic Acid (CH3COOH)
and 5 vol.% Perchloric Acid (HCIO,).

The diffraction patterns and pole figures were taken with a Philips X’
Pert Pro MPD diffractometer, using Cu ;¢ lines at 40 kV and 30 mA.

Table 1

Twin-roll casting parameters.
Material Niy7TisoCos
Melt temperature (K) 1783
Roller material CuCoBe
Rollers speed (ms™—") 0.6
Ejection pressure (mbar) 250

The diffractometer was equipped with an X-ray lens optics, parallel
plaques and a graphite monochromator moderating the outgoing
beam and an Eulerean Cradle for texture measurements. A heating
stage [29] was used to measure the pole figure of the SC strips in the
austenitic state (these samples are completely austenitic at 360 K).
Measured pole figures were corrected for defocussing and background
and further analyzed by WXpopLA [30] to obtain orientation distribu-
tion functions and guarantee pole figure compatibility.

The diffractograms were collected moving from 25° to 85°, in 0.02°
angular 26 steps, with a collecting time per step ranging from 2 s for reg-
ular scans to 10 s for refinement purposes. Rietveld refinement of X-ray
diffraction patterns was done using Maud version 2.55 [31]. This pro-
gram allows us to incorporate microstructural and texture analysis
into the traditional refinement. The standard chosen to account for in-
strument artifacts was LaBg [32].

Load-biased thermal cycling was performed in a custom-built ma-
chine, that allowed us to apply a constant load and program cooling/
heating cycles. The machine has an Instron load cell (1 kN) to measure
the stress. The strain is measured by an Epsilon 3542 axial extensometer
with a 10 mm gauge length, clipped between the specimen grips. The
sample and grips were enclosed in a cylindrical acrylic chamber and
cooled with nitrogen vapor. Two tubular electric cartridge heaters
were inserted into holes drilled into the grip body for sample heating.
A more detailed description can be found in reference [22]. The rectan-
gular dog-bone shape tension specimens used in the load-biased ther-
mal cycling experiments had gauge dimensions of (13 x 4.5 x 0.35)
mm?> (TRC) and (13 x 4.5 x 0.45) mm? (SC). They were cut from the
strips in a spark-cutting machine.

3. Results
3.1. Microstructural characterization

Clearly observed in Fig. 1(a), the microstructure of the TRC strip has
transversely elongated grains growing from both surfaces up to an in-
terface located in the strip core. This feature is characteristic of the
rapid-solidification process. Fig. 1 (b) shows an SEM-EBSD normal-di-
rection grain map of the TRC strip surface. A rather uniform equiaxial
structure of strongly textured grains can be seen in this image (which
will be further discussed in Subsection 3.4). The grains sizes are of the
order of 6 um-20 pm in this section and 100 um in the elongated
direction.

On a finer scale, TEM observations normal to the strip surface show a
typical cellular solidification structure. The grains observed in EBSD
image (Fig. 1 (b)) are composed of cells with a characteristic dimension
of 1 um (Fig. 2 (a)), which are delineated by precipitates. The precipi-
tates were identified as TigNi,O (Fig. 2 (b)), as it will be further discussed
in Subsection 3.2. Only a few randomly distributed dislocations were
observed in TEM images.

In marked difference to the TRC material, the SC sample microstruc-
ture contains features typical of rolling. Figs. 3 and 4, optical and TEM
bright-field images respectively, show the SC microstructure after a
final reduction of 39% followed by annealing at 873 K and quenching.
The average grain size of the SC strip is about 20 um. These grains are
highly deformed, which is evidenced by the elevated number of disloca-
tions observed in the TEM image (Fig. 4). In addition, the grains are
subdivided into small cells or subgrains of less than 1 um diameter.

No precipitates could be detected in X-Ray diffraction patterns taken
at 360 K, only austenite reflections are visible (Fig. 5 (a)).

3.2. Phase characterization

Due to small variations in each strip's production process or the pre-
cipitation of other phases, the austenite composition may differ from
the nominal. As the martensitic transformation is very sensitive to the
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Fig. 1. TRC strip: Optical micrograph of the transverse section (the blue arrow indicates the interface between the two solidification fronts) (a), and a SEM-EBSD normal direction grain map

of the surface (the inverse pole figure in the inset shows the reference color map) (b).

Fig. 2. Typical TEM bright field images of TRC strip: a grain divided into cells (delineated by precipitates), where few dislocations can be seen (indicated by arrows)(a) and TizNi,O

precipitates in cell boundary (b).

chemical composition, these variations could produce modifications in
the transformation temperatures.

The strip chemical compositions were measured by quantitative
EDS-SEM using pure Ni, Ti and Co samples as reference materials. In
order to measure the strip's average composition, the EDS spectra
were collected with a scanning electron probe using a window of
about 540 um-440 um. The results, shown in Table 2, are close to the
nominal compositions.

The diffractograms from both samples are shown in Fig. 5 (a) and
(b). The SC strip was entirely austenitic, as observed in Fig. 5 (a). The
main characteristic peaks of all the phases are labeled according to the
corresponding Miller indexes.

With respect to the TRC specimen, two phases were identified: aus-
tenite as the major component and an oxide in the form of precipitates.

Fig. 3. Optical micrograph of the SC strip.

Our refinement results showed that TRC produced a high purity strip,
containing more than 98 4+ 1 wt.% austenite. Its structure was cubic of
the B2-type having the Pearson symbol cP2, which corresponds to the
space group Pm3m (N° 221 [33]). The lattice parameter determined
from the refinement is 0.3020 nm, which is very similar to the
NisoTisg 3 cell value [34]. This confirms the slight influence of Co chem-
ical substitution on the crystal structure of the parent phase. On the
other hand, the precipitates observed in the TRC strip were identified
as TigNiyO (see Fig. 5 (b)). This oxide has a cubic A4-type structure
with the Pearson symbol cF8, with the space group Fd3m (N° 227
[33]), and it has a refined cell parameter equal to 1.1306 nm. The refined
amount of oxide was 2 + 1 wt.%, which means the oxygen content is
around 0.3 at.% in the TRC strip. The quality of the refinement can be ap-
preciated in Fig. 5.

The strong texture is readily seen in Fig. 5 (b), especially considering
the low intensity measured for the austenitic main reflection at 26 =
42.39°, which results from the {110} planes in diffraction condition.
Moreover, the intensity of the {200} plane reflections is substantially in-
creased when compared to the same material with a random distribu-
tion of crystallites. In this work, the intensity correction of the X-ray
spectra to account for texture was done using the arbitrary texture
model implemented in Maud.

3.3. Transformation temperatures

The DSC curves of both materials are shown in Fig. 6. Two subse-
quent martensitic transformations take place on cooling in both sam-
ples. The first DSC exothermic peak corresponds to the transformation
of the B2 parent phase to the rhombohedral R-phase, while the second
exothermic peak is associated with the R-phase to the monoclinic B19’
phase transformation. The phases present before and after each thermal
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Fig. 4. TEM bright field images of the SC sample. The grains are subdivided into cells (a) and many dislocations can be observed inside the grains (b).
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Fig. 5. X-ray difraction patterns of the SC (a) and TRC strips (b) measured at 360 K and room temperature, respectively. In figure (b), it is also displayed the refined curve and difference
between the experimental pattern and the calculated profile using Maud. The square root of the normalized intensity is plotted against the 2 6 angle, to show low-intensity diffraction

peaks.

event have been already studied [35,36]. Note that the transformation
to R-phase is promoted by addition of Co and the consequent shift of
M{P19) downwards over a lower temperature range. The second peak
of the TRC strip is extended over a wider temperature range than that
of the SC strip. This is probably due to small differences in the local
composition of the austenite phase produced by TisNi,O precipitation
[37,38]. On the other hand, during heating two overlapping endother-
mic peaks were observed in the case of the TRC strip (the higher peak
corresponds to the B19’ to R-phase transformation followed by the R-
phase to parent phase transformation peak [36]). The SC strip displays
only a single endothermic peak in the first cycles, which begins to
split into two peaks after 50 cycles. These two peaks are clearly ob-
served in the 100 cycle.

It is worth mentioning that DSC curves of the TRC strip show only a
slight decrease of transformation temperature with thermal cycling, i.e.
higher thermal stability is found. To the contrary, the DSC curves of the
SC strip noticeably change with cycling. That is, the M value of the SC
strip decrease rapidly with the first thermal cycles, about 30 K in the
first 11 cycles. After 12 cycles, a smoother decrease is observed in the
M; value, of around 0.1 K per cycle. The marked transformation temper-
ature decrease observed in the SC sample with thermal cycling may be
associated with an important degree of microplasticity activity (intro-
duction of dislocations) induced when the material is cycled through

Table 2

Strip compositions measured by EDS-SEM.
Element TRC (at.%) SC (at.%)
Ti 50.34+0.5 50.440.5
Ni 46.7+£0.5 45.6+0.5
Co 3.040.5 40405

the martensite transformation. In this kind of specimen, many tangled
dislocations are introduced in the rolling procedure. Such dislocations
are not fully removed in the final thermal treatment, performed at
873 K, in order to preserve some degree of stiffness in the matrix. So,
when the austenitic transformation is induced, moving interfaces
must overcome obstacles, dislocation tangles, already present in the
matrix at the beginning of the cycling procedure. As a consequence,
new dislocations are introduced and in a subsequent cycle additional
cooling is necessary to achieve the martensitic transformations [18,39,
40]. This phenomenon is clearly observed in the first stage of cycling
(cycle 1to 11 in our case), and then it remains present, although drasti-
cally (or significantly) reduced, in the subsequent cycles.

The transformation temperatures and heats of transformation after
reaching the quasi-stable condition are listed in Table 3 (the 5 and 11
cycles of the TRC and SC samples, respectively). Note that the transition
temperatures of the TRC strip are at least 40 K lower than those of the SC
strip. This may be surprising since the addition of Co yields a decrease of
the transformation temperatures and the Co content of the SC strip is 1
at.% higher than that of the TRC strip [2]. Nevertheless, the TisNi,O pre-
cipitation produces Ni-enrichment of the matrix, and it yields a decrease
of the TRC transformation temperatures. Using a similar calculation
from reference [37] and the precipitate concentration determined by
the Rietveld refinement (2 + 1 wt.% in the TRC strip), the Ni concentra-
tion is 47.3 + 0.2 at.% in the matrix (instead of the expected 47 at.%).
This very low Ni-enrichment of the matrix could explain the transfor-
mation temperature decrease. The particular properties of the process,
highly out of equilibrium, would be another factor shifting the transfor-
mation temperatures to lower values [28]. The heats of transformation
values are in good agreement with the values reported in literature
[28,41-43]. It is necessary to point out that the heat of transformation
values for the TRC strip are lower than those measured in the SC strip.
Similar results were obtained in the Ni-Ti binary alloy [28].
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Fig. 6. DSC curves. (a) TRC (b) SC strips.

3.4. Texture

Pole figures are shown in Fig. 7. The austenite pole figures of the TRC
sample were measured at room temperature, while those of the SC sam-
ple were measured at 360 K in order to ensure that the sample was
completely austenitic (see Fig. 6 (b)).

The strong texture in the {100}, pole figure is typical of the TRC
strip. Its maximum normalized intensity is about 40 times random in
the normal direction (ND) to the strip surface. The {110}, pole figure
has a maximum at 6 =45, and an almost random distribution in azi-
muthal angle with a small local maximum in the rolling (RD) and trans-
verse direction (TD). This means that the B2 cubic structure has a face
parallel to the strip surface (this can be observed in many grains in
Fig. 1(b)) and an almost random distribution of directions in the strip
plane.

The pole figures of the SC strip show a y-fiber texture. This texture is
characterized by a {111}, pole parallel to the ND. This is clear in the ND
inverse pole figure, Fig. 8(b). Therefore, the directions at and close to the
(110)3, direction are the main components in the RD inverse pole figure.
These results are consistent with those reported by Laplanche et al. [44]
for NiTi alloys after cold rolling and subsequent recrystallization.

3.5. Sachs bound calculation: B2 — B19’ transformation strain

The upper bound or Sachs bound of the recoverable transformation
strain is calculated assuming that the most favorable and unique mar-
tensite variant grows in each of the grains, inducing maximum defor-
mation [45,22]. So in each of the grains, the transformation strain can
be calculated from the lattice distortion due to the B2 - B19’ martensite
transformation. Fig. 9 shows the simulated maximum transformation

Table 3

Transformation temperatures and heats of transformation after reaching the quasi-stable
condition (the 5 and 11 cycles of the TRC and SC samples, respectively). R§: R-phase start
during cooling, Ms: B19” martensite start, M B19’ martensite finish, R R-phase start dur-
ing heating, A: austenite start and Ay austenite finish and Q: heat of transformation.

Sample RE QBZ»R Ms Mf QR%B]B’ Rls’l As Af QBIQ’ABZ
)  0r K (K (e K @ &  Je)

TRC 249 —61 207 174 —14 230 245 253 21

Ne 298 —95 240 218 —19 — 284 298 29

strain (&) for each direction expressed by contour lines in the stereo-
graphic triangle. In the gy assessment, the lattice constants for
Niso7Tisg3 (235 K) [34] are used: ap=0.30069(4) nm for the B2 phase
and a=0.28786(2) nm, b=0.41340(2) nm, c=0.46215(4) nm and
3=96.474(8)° for the B19’ phase.

Then, the Sachs bound is calculated averaging &, on the inverse pole

intensities (I'). This can be done with the following expression [21]:

N

EM = Zzl:l\]l

i=1

i i
S}V,_I ()
Il

where N =361, which is the number of points in the inverse pole fig-
ure accounting for the polycrystal texture. Using the rolling-direction
inverse pole figures shown in Fig. 8, the Sachs bounds in the rolling di-
rection are (5.6 +0.5) % for the TRC strip and (8.9 +0.7) % for the SC
strip. The uncertainties were estimated measuring the texture in differ-
ent parts of the strips and taking into account the lattice distortion pro-
duced by Co additions [22]. These Sachs bound values suggest, a priori,
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Fig. 7. Pole figures. (a) TRC sample measured at room temperature (b) SC sample
measured at 360 K.
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Fig. 9. Maximum transformation strain (&) expressed by contour lines on the B2 phase
reference system. The maximum value (>10%) is reached in the [355]p, direction.
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Fig. 11. Recovered and residual strain per cycle as a function of the number of cycles of the
TRC and SC strips. Applied load 90 MPa.

that the TRC texture is less favorable than that resulting from the SC
process.

3.6. Load-biased thermal cycles

At a constant load of 90 MPa, several thermomechanical cycles were
performed on both types of strips (Fig. 10). On one hand, the TRC sam-
ple exhibits a high degree of stability of the martensitic transformation.
That is the total strain was almost the same over the cycles and the re-
sidual strain per cycle was very small and slowly decreased with each
successive thermal cycle. On the other hand, the thermomechanical be-
havior of the SC sample changed markedly during the first five cycles.
The residual strain after the first cycle was 1.9%, and it decreased to
0.4% by the fifth cycle. In addition, the transformation hysteresis width
remained nearly constant at about 30 K for the TRC strip. However, in
the SC strip, the transformation hysteresis grows from 44 K to 50 K
with successive thermal cycles.

The recoverable and residual strain measured from the constant load
experiment as a function of the number of cycles for the two kinds of
specimens are plotted in Fig. 11. From the first cycles, for the SC sample,
a marked change in these strains is observed, although they become

— Cycle 7
— Cycle 6
— Cycle 5

Cycle 4
— Cycle 37
— Cycle 2
— Cycle 1|

B2-R
0 L =

200 250 300 350
Temperature (K)

Fig. 10. Strain evolution with temperature during the thermomechanical cycling under constant stress of the (a) TRC and (b) SC strips. Applied load 90 MPa.
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almost stable after the fifth cycle. Conversely, in the TRC sample, the re-
coverable and residual strain remain nearly unchanged from the first
cycle. Such load-biased thermal-cycling data evolution reflects the
more stable behavior of the strain-temperature curves of the TRC sam-
ple (Fig. 10). It is worth noting that the shape memory properties mea-
sured here for the TRC strip were obtained on as-cast samples. No heat
treatment was applied to the strip in order to improve its properties.

The two-stage transformation observed during cooling in the DSC
curves is also manifested in the mechanical behavior. A small curve in-
flection is clearly observed on the cooling branch of the first loop of
both samples, and it can be attributed to the austenite-R-phase trans-
formation. The deformation induced by this transformation is very
small (lower than 0.4%). This curve inflection is observed in all subse-
quent cycles of the TRC sample, but disappears after the first cycle in
the SC sample. Over the heating path, no significant shape change in
the curve related to a two-step transformation could be observed for
any sample. This is not surprising if we bear in mind the small differ-
ences between A, and R?, and the fact that the slope of the Clausius-
Clapeyron relationship is steeper for the R-phase forward transforma-
tion than for the martensitic transformation to the B2 structure [46].

In order to measure the maximum recoverable strain, samples TRC as-
cast and SC annealed were thermal cycled under different loads. These cy-
cles are shown in Fig. 12, where the response to growing levels of load can
be observed. The samples used in this experiment were in the same con-
dition as those cycled under a constant load of 90 MPa. The recoverable
strains grow as the load increases up to a value of around 110 MPa for
the two types of specimens. At higher load levels, although the maximum
value of transformation strain increases, the residual strain magnitude in-
creases similarly, and thus no significant net rise in the recovery strain is
observed. However, we must remark on some distinctive aspects of the
strain recovery. The residual strains per cycle of the TRC strip are rather
small for loads below 90 MPa, and they remain low below 0.6%. In con-
trast, for the SC samples, the residual strains are already important at
low levels of load, and they increase in a roughly proportional manner
with the applied external force. It is worth noting that the TRC and SC
samples show large recoverable strain and relative low degree of residual
strain at a load of 90 MPa. This was the reason for choosing that load to
perform the thermal cycle under constant load in Figs. 10 and 11.

The recoverable strains as a function of load are shown in Fig. 13. The
recoverable strain of the TRC strip reaches the value of 5.5%, which is
quite close to the Sachs' bound value of 5.6 +0.5%, calculated in
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Section 3.5. This close agreement demonstrates the excellent perfor-
mance of this type of rapid-solidification Ni-Ti-based polycrystal. It
occurs because of the high compatibility of the martensitic transforma-
tion between neighboring columnar grains in a strip with the {100}z,
solidification texture. Such compatibility arises from intrinsic properties
of the B2 - B19’ martensitic transformation in NiTi alloys. This will be
addressed in the next section.

On the other hand, the SC strip reaches a recoverable strain of 5.8% in
the first six cycles, which is slightly higher than the value measured for
the TRC strip, but is far from the SC strip Sachs' bound. Nevertheless, fol-
lowing the behavior observed in Fig. 11, an additional increase in the re-
coverable strain might be expected, if the specimens were cycled
further at a given load.

Thus, in the search for treatments to optimize mechanical proper-
ties, experiments combining thermal cycling with increases in the ap-
plied load and thermal cycling under constant load were performed
on SC specimens. Fig. 13 shows the recoverable strain as a function of
load from 30 to 150 MPa, after intermediate cycling, cycles 7 to 21 of
the sample at 90 MPa. Intermediate cycling at higher loads was not ap-
propriate due to the high residual strains involved. The maximum re-
coverable strain from these treatments reached a value close to 6.9%.
This is a high value of recoverable strain, although it is still 2% below
the SC strip Sachs' bound value of 8.9%.
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Fig. 12. Strain during the thermal-cycles for different tensile stresses. (a) TRC (b) SC strip.
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4. Discussion

The Sachs' bound, or upper bound, provides an interesting tool to ex-
amine the effects of TRC and SC microstructures on the strip shape
properties.

The loaded, TRC-strip, thermal cycles show that the maximum recov-
erable strain value is close to the Sachs' bound, and the cycles are com-
pleted without leaving behind a significant residual strain. This indicates
that the particular TRC microstructure produces minimal constraint be-
tween grains, such that in this polycrystalline array almost all the grains
transform into a unique martensitic variant when the applied load is
high enough. This low degree of grain constraint results from a unique
and special concurrence of favorable factors. Firstly, there is an optimal
combination of intrinsic features of the martensitic transformation in
Ni-Ti alloys (i.e. available transformation variants according symmetry
relationships between parent and product phase [47,48,49] and compat-
ibility between transformation strains in different crystal directions and
elastic anisotropy [50]). Secondly, the rapid solidification texture per-
mits the grain to take advantage of these unique transformation proper-
ties (the reader can see reference [22] for more details on this point).

To the contrary, the SC strip maximum recoverable strain is signifi-
cantly lower than the corresponding Sachs' bound. This suggests that
the strip's microstructure inhibits the transformations in some grains
or precludes the appearance of the most favorable variant. That is, the
transformation begins in isolated well-oriented grains and saturates
due to the formation of a network of fully transformed poorly oriented
grains [51]. These transformation constraints are relaxed to some extent
when successive cycles are performed, as observed in our experiments,
although the maximum recoverable strain remains below the calculated
upper bound for the material. Accordingly, Richards et al. [52] studied
the interplay between the martensitic phase transformation and plastic
slip in a polycrystalline media subject to superelastic cycles. They
showed that the plastic deformation (produced by the martensitic
transformation) provides a bridge across poorly oriented and non-
transforming grains. Besides, the residual stress fields yield a much
more disperse transformation over subsequent loadings. In the same
way, Yawny et al. [11] asserted that the forward-transformation critical
stress decreases as the cycle number increases. They proposed a micro-
structural scenario to explain this effect. In the first loading, the disloca-
tions are needed to accommodate the martensitic variant needle
growth. When the needle goes back on unloading, the dislocations re-
main in the austenite phase. In the second loading, the stress field creat-
ed by these dislocations promotes the formation and growth of
martensite variants favored by the applied load, decreasing the transfor-
mation critical stress.

The effect of the constraint between grains is also observed in the
thermal cycles under constant load. The high stability in successive cy-
cles of the TRC strip contrasts with the sharp change in the first cycles
of the SC strip (see Fig. 10).

Analysis of the hysteresis also provides indicators of the martensitic
transformation performance in a Ni-Ti polycrystal. Gall and Maier [53]
and Jaeger et al. [54] showed that samples with small hysteresis width
also exhibit lower irreversible strains. As highlighted in Section 3.6,
the hysteresis width of the TRC sample is about 20 K smaller than the
hysteresis of the SC sample. This fact is in concordance with the lower
irreversible strain measured in the TRC samples. Such a difference in
the hysteresis value corresponds directly to the degree of difficulty for
the martensitic transformation in each type of polycrystalline micro-
structure. Lower compatibility between grains means more obstacles
for the transformation, so the increase in hysteresis width can be ratio-
nalized based on a higher interface friction and dissipative effects when
martensite plates interact with incompatible grain boundaries. Part of
this dissipative interaction relaxes in the form of defect generation,
mainly dislocations [55], and in an irreversible microplasticity which ac-
cumulates and leads to the residual strain left behind when the cycle is
completed (Figs. 10 (b) and 11).

5. Summary and conclusion

The present work investigates the effect of the two production tech-
niques, twin-roll casting and standard processing, on the microstructure
and corresponding variations in the mechanical properties of Niso_x—
Tiso—-Co, shape memory alloys.

On the one hand, the TRC microstructure yields a very low constraint
between grains and high stability of the martensitic transformation. The
measured recoverable strain was 5.5%, with a low or negligible residual
strain for loads below 90 MPa.

On the other hand, the suitable austenitic texture of the SC strip (the
Sachs' bound value is 8.9%) is frustrated by the microstructure, which
inhibits the transformations in some grains and precludes the appear-
ance of the most favorable variant. For a load of 90 MPa, the measured
maximum recoverable strain was 5.8% in the first cycles, while a resid-
ual strain of 1.9% was already introduced in the first cycle. These trans-
formation constraints are partially relaxed after successive cycles are
performed, and a maximum recoverable strain of 6.9% is reached
while the residual strain decreases to 0.4% at 90 MPa.

The large recoverable deformation without accumulative residual
strain, narrow hysteresis, and stability in the load-biased transforma-
tion regime at moderate stress levels, make Ni-Ti-based TRC specimens
very advantageous for some applications, like actuator devices.
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