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1. Introduction

Shape memory alloys (SMAS) are finding increased use as functional materials in the aerospace, energ
and medical industries (1-3). Shape memory behaviour is based on the recovery of large amounts ¢
induced strain upon heating and/or unloading. This transformation strain is a result of the reversible
growth of certain favoured martensite variants during martensite transformation and/or stressing [4-5].
For single crystal SMAs, the favoured variants are those which result in the maximum transformation
strain for a specific orientation. This has been well established for several common single crystal SMAs
such as TiNi, CuzZnAl and CuAINi [4,6].

For polycrystalline SMAs, it is not clear which variants are favoured. Anisotropic behaviour in
SMAs has been interpreted based on the anisotropy data of single crystal materials using the concej
of the selection of favoured martensite variants. This has met with only limited success in work on NiTi
alloys due to the lack of information about which variants are formed [7—8]. An investigation of the
anisotropic behaviour of textured SMAs was thus conducted in order to determine which martensite
variants develop during thermal cycling of a commercial TiNiCu SMA. The relationship between the
observed variant development, changes in texture and anisotropic shape memory behaviour ar
discussed in light of models using the concept of favoured martensite variants.

2. Experimental

This work was conducted on a Ti50Ni45Cu5 (at.%) SMA supplied by n.v. AMT, Belgium. The material
was received in sheet form, annealed at 800%CLfb in avacuum furnace and then cold-rolled from

4.3 mm down to 0.8 mm in several steps at room temperature with intermediate anneals at 500°C for
10 min. The final thickness reduction after the last intermediate anneal was 19% and was followed by
a final anneal at 500°C for 1.5 h to obtain high transformation strains. The transformation temperatures
as determined by differential scanning calorimetry werg (Martensite start) 56.9°C, Mmartensite

finish) 41.8°C, A (austenite start) 61.9°C, and faustenite finish) 83.6°C.
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Figure 1. Example of the loading and thermal cycling process (sample cut 30° to RD).

Samples for tensile loading and texture measurements were spark-cut at angles of 0°, 30°, 45°, 60
and 90° to the rolling direction (RD), with sample dimensions of*435 X 0.9 mm. Textures were
measured before and after thermal cyclic testing using a Philips X’'pert system with Gakation
operating at 40 kV/30 mA. Austenite textures of the {11,qR00} , and {211}, diffractions planes were
measured at 120°C using a heating stage. Orientation distribution functions (ODF) for quantitative
analysis of the austenite texture and inverse pole figures were calculated by a Philips ODF program
Pole figures were also measured for the (QQ2111},, (020),, {111},, and (022), monoclinic
martensite diffraction planes.

Thermal cyclic testing was conducted using the procedure shown in Fig. 1. The samples were loadec
to a stress 10% above the plateau stress (pts. A to B) in a Zwick tensile testing machine. The stres:
levels as a function of angle to the RD are given in Table 1. The specimens were then thermally cycled
once between-20°C (pt. D) and 120°C (pt. C) at a rate of 0.167° C/s under the given constant stress.
The transformation strains (C-D) were determined using an MFS mini strain gauge with a gauge length
of 10 mm. The samples were then unloaded (pt. E) and the resulting martensite textures measured.

3. Results

3.1 Anisotropic Behaviour of Transformation Strain

The results of thermal cyclic testing showed an angular dependence of the transformation strain. The
strain was 5.04-5.13% at angles of 0° to 45° to the RD, decreasing to 2.80% in the TD (see curve
marked e, in Fig. 4). The anisotrophy parameter (ratio of maximum to minimum values of the
transformation strain) is thus equal to about 1.8 which agrees with that measured by Monasevich et a
(8) after thermal cyclic testing of a hot-rolled Ti-50Ni alloy under a constant stress of 50 MPa.

TABLE 1
Constant Loads used for Thermal Cyclic Testing.
Angle to RD (°) Stress level (MPa) Angle to RD (°) Stress level (MPa)
0 86 60 90
30 80 90 140

45 84
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Figure 2. ODF section of the austenite phasé@at= 45° for an as cold-rolled and heat treated sample.

3.2 Texture Development

An ODF section of the austenite texturedgt= 45° shows that the texture consists of (llO)[J,Jerd
(111)[1101, components, see Fig. 2. The {130110> component is sharp, and its orientation density
decreases considerably on departing from the exact (110)[btightation,® = 90°, ¢, = 0°. The
density of the {111k110>, component is lower than that of {116}110>, with the density variation
along the lined = 55° belng small, resembling a {11&juvw>, fibre texture The {110%110>
component can thus be regarded as the main texture component. B

Thermal cycling resulted in changes in the as-transformed martensite texture, {palE figures
before and after thermal cyclic testing in the 0° and 45° directions are shown in Fig. 3. The textures
were analyzed using stereographic projections calculated using the lattice parameters of the monoclini
TiNi alloy: a = 0.2889 nm, b= 0.4120 nm, ¢= 0.4622 nm, an@ = 96.8° (9). The texture could only
be analyzed up to a tilt angle of 70° because information at higher tilt angles was less reliable due to
defocussing effects [10]. B

Before loading, four martensite texture componentsz. (002)[020}, {111}<211>,,

{020} <002>,, and {111}<211>, were found (Fig. 3a). These four components include all 12
variants originating from the {1165110>, austenite texture as given by Miyazaki, et al [4], Table 2.
The presence of minor texture components originating from the {£110>, component can be seen

by the shift and spread of the intensity contours. The 3’ variant originating from the {111¢>,
component apparently causes the elongation of the contours and the shift of the maximum intensity
away from the marked component positions (see arrows in Fig. 3a). The pole figures for loading along
the transverse direction (TD) resemble the pole figures before thermal cycling, indicating that all 12
variants may still be present. Because a finite amount of transformation strain was measured, the
relative amount of these variants must have changed. It was, however, difficult to observe these relative
changes in the pole figures.

Figs. 3bc show that the martensite texture is dependent on loading direction. In the RD, six variants
(1,2, 3,4 and 5, 5, see Table 2) are formed, as demonstrated by the weak intensity in the centre of
the {111}, pole figure, Fig. 3b, as well as of the {111}pole figure (not shown). The other 6 variants
disappear as a result of the growth of favoured variants. At 45° the intensities in the second and fourt
quarter become very weak while those in the first and third quarter remain high (Fig. 3c). This indicates
that variant 5 becomes more dominant than 5’, along these two variants give rise to the same texture
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Figure 3. Pole figures of the {111} martensite diffraction plane a) before testing, b) and c) after thermal cyclic testing at 0° and
45° to the RD. The Roman numerals indicate the quarters and the numbers indicate the variant numsbeollRD direction,
LD = loading direction.

component {020x002> .. The remaining variants were found to be 4’ and 5. The pole figures for
loading 30° and 60° to the RD are similar to those for 45°.

4. Discussion

The results of this investigation show that the transformation strain during thermal cyclic testing under
constant load is a function of the angle between the loading and rolling directions. The transformation
strain between 0° and 60° is relatively constant but then decreases significantly towards the TD. It was
found that the martensite texture which develops during testing is also a function of angle and the

TABLE 2
Calculated Martensite Variants Originating from the (116)[;,]a)jd (111)[110; Austenite Texture using the
Notation of Correspondence Variants from Miyazaki et al. [4].

Variant (110)[110] (111)[110}, Variant (110)[110] (111)[110},
1 (111)[211] (120)[211] A (111)[211] (102)[211]
v (111)[211] (120)[211] 4 (111)[211] (102)[211]
2 (111)[211] (102)[211] 5 (020)[002] (120)[002]
2 (111)[211] (102)[211] 5 (020)[002] (120)[002]
3 (111)[211] (120)[211] 6 (002)[020] (102)[020]

3 (111)[211] (120)[211] 6 (002)[020] (102)[020]
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Figure 4. Comparison between the experimentally measured transformation s{(giresd strains calculated by 1) maximum
transformation strain from a mixed texture of (110)[11@d (111)[110] components, 2) average transformation strain from two
groups of variants, 3) Taylor model accounting for mutual constraint between grains in polycrystalline material.

variant selection at each angle. Given that different martensite variants can lead to different transfor-
mation strains [e.g. 11-12], a number of models based on texture components were used to try tc
reproduce the experimentally measured strains based on the measured data. The results of the
calculations are shown as curves 1-3 in Fig. 4.

Curve 1 was calculated based on single crystal data. This calculation considers both austenite
components {110x110>, and {111}<110>, and the anisotropy is calculated using a rule of
mixtures, where the {110%110>, component contributes 55% of the maximum strain and the
{111}<110>, component 45%, as estimated from the relative densities of these components in the
ODF section, see Fig. 2. In Fig. 4 it can be seen that the calculated curve lies significantly higher than
the experimental results. However, the anisotropy parameter (1.80) is the same as that of the measure
one.

The texture measurements show, however, that more than one variant formed during thermal
cycling. The formation of martensite under stress requires the simultaneous nucleation and growth of
several variants, whereas in a single crystal only the variant with the maximum strain results.
Calculations were therefore made considering the strain contributed by all variants found in the
measured textures. First, the transformation strains associated with variants originating from the
{110}<110>p were calculated and classified according to the amount of strain. It was found that most
of the transformation in a given direction is contributed by not one but two groups of variants, see Table
3, namely, the group of variants with the maximum strain in the loading direction and the group of
variants with the second largest strains. The development of these two groups of variants arises fron
the necessity to fulfil the compatibility condition among grains. For instance, in a single crystal only
variant 5 is developed in the [I:lplanection, while for polycrystalline material, variantsdnd 4 are
also found for the angle 30° to the RD.

The anisotropy of transformation strain was subsequently calculated by using these two groups of
variants. The amount of each variant formed was based on the density of the inverse pole figure and i
was assumed that variant(s) with compressive transformation strain(s) along the tensile loading
direction would not contribute. The strains in each direction are thus the averages of the strains of the
variants formed in that direction, whereby the straigi,in the loading direction is given as

. R,<100> - ,<100> + R,<110> - £,<110> + R,<111> - &,<111> .
N R,<100> + R,<110> + R,<111> @)

&y
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TABLE 3
Calculated Transformation Strain (%) of the Correspondence Variants in NiTi Alloys. The Number in
Parentheses is the Number of the Variant According to Miyazaki, see Table 2.

Angle to RD 0° 30° 45° 60° 90°
For (110)[110}
largest strain 8.40 10.33 10.03 8.91 2.68
(5,5) (5) a,4) a,4) (1,1,2,2,3,3,44)
second largest 3.60 9.35 8.15 4.35 —-4.18
strain (1',2',3,4) ,4) (5 (5) (5,5,6,6)
For (111)[110}
largest strain 8.40 9.50 9.93 8.40 9.50
(3.3) (3.5) (5) (5.5) (1,5)
second largest 3.60 5.82 7.22 3.60 5.82
strain (1',2',5',6) 2" 3" 1',2',3',4) (4)

wheree,’ = mean strain in the loading (y) direction, = calculated strain in a single crystal in the
direction <uvw>, and R, = density of the inverse pole figure in the directisruvw>.

These calculated transformation strains are shown as curve 2 of Fig. 4. The calculated strains o
curve 2 are closer to the experimental strain in the RD and TD than curve 1, but are still too high at the
intermediate angles.

To further improve the calculation, a model proposed by Ono (13) was thus used in which the
calculated transformation strains for single crystals can be modified by a Taylor facionitich the
effect of the mutual strain constraint between grains is included. Use of this approach results in curve
3 of Fig. 4. This curve fits the experimental data the best with a slight discrepancy close to the RD. This
discrepancy may arise for a number of reasons. Minor martensite texture components originating from
the {111}<110>, component were not separated in the pole figures because they are overlapped by the
major texture components. The minor components could not be determined by analysis of texture using
an ODF calculation, which is still under development for the monoclinic lattice. Factors such as
dislocation density, grain size and grain shape which can significantly influence the transformation
strain, were also not taken into account. Work is continuing to improve these calculations.

5. Conclusions

Texture development and anisotropic shape memory behaviour of a cold-rolled Ti50-Ni45-Cu5 shape
memory alloy during thermal cycling under constant load were determined. It was found that the
martensite texture after thermal cycling was dependent on the types of variants which developed. Ir
contrast to single crystals, those martensite variants showing the two largest transformation strains ir
the loading direction developed. The relationship between texture development and transformation
strain, and the transformation strains as a function the angle between the loading direction and the RL
can be predicted based on those variants. It was found that a Taylor model was most suited for the
calculation of transformation strains.
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