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Abstract

In alloys with shape memory effect (SME) and superelasticity (SE), the crystallographic texture can be
an interesting factor promoting anisotropic characteristics of physical and mechanical properties of an
electrical and/or mechanical component during the phase transformation. In this study, two Ni-Ti
alloys, one Ni-rich and another Ti-rich, were submitted to a marforming thermomechanical treatment
(30% thickness reduction in the plate) with a previous and post heat treatment at 500°C for 30 minutes
followed by water quenching. The martensite (B19’) and austenite (B2) textures were measured by X-
ray diffraction (XRD). Differential scanning calorimetric (DSC), electrical resistivity (ER) and XRD were
employed to detect and identify the transformation temperatures and the respective phases (B19’, R-
phase and B2). In the as-received condition, Ti-rich and Ni-rich NiTi alloys exhibited R-phase
formation previous to the B19’ transformation on cooling and B2 transformation on heating. The direct
and reverse transformations are strongly affected by the thermomechanical treatment, with SME
suppressed due to the high level of deformation during the marforming Further, R-phase
transformation is found to be absent, giving rise to one step (B2<>B19’) phase transformation, when
heat treated at 500°C is probably due to the completion of recrystallization process. The
thermomechanical treatment developed a texture formed by a-fibre Il (<110>||DL, {110}<110>B2 and
{111}<110>B2) and {001}<110>B2 texture component that is part of a-fibre | (<110>||DL,
{001}<110>B2, {112}<110>B2 and {111}<110>B2).
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EVOLUGCAO TEXTURAL EM LIGAS COM MEMORIA DE FQRMA DE NI-TIRICAS EM TI E
EM NI SUBMETIDAS A TRATAMENTOS TERMOMECANICOS COM ETAPA DE
MARFORMING

Resumo

Nas ligas com efeito de memoria de forma (EMF) e superelasticidade (SE), a textura pode ser um
fator interessante conduzindo a caracteristicas anisétropas nas propriedades fisicas e mecanicas de
um dado componente elétrico e/ou mecanico durante a transformacao de fase. Neste estudo, duas
ligas de Ni-Ti, uma rica em Ni e outra rica em Ti, foram submetidas a um tratamento termomecanico
de marforming (30% de reduc&o na espessura da chapa) com um tratamento térmico prévio e outro
posterior a 500°C com 30 min de manutengéo e témpera em agua. As texturas da martensita (B19’) e
austenita (B2) foram medidas qualitativamente por difracdo de raios-X (DRX). Por calorimetria
diferencial de varredura (DSC), resistividade elétrica (RE) e DRX foram detectadas e identificadas as
temperaturas de transformacéao e as fases (B19’, fase-R e B2). As ligas de Ni-Ti rica em Ti e rica em
Ni na condicdo como recebida apresentam formagao de fase-R prévia as transformacdes em B19’ no
resfriamento e em B2 no aquecimento. As transformacdes direta e inversa sao fortemente afetadas
pelo tratamento termomecénico, com supressdo do EMF devido ao alto grau de deformagéo imposto
pelo marforming e eliminagdo da formagdo de fase-R devido a completa recristalizagdo pelo
tratamento térmico a 500°C que promove as transformagdes direta e inversa em uma etapa
(B2>B19’). O tratamento termomecénico desenvolve uma textura composta pela textura de Fibra o-Il
(<110>||DL, {110}<110>B2 e {111}<110>B2) e a componente {001}<110>B2 pertencente a textura de
Fibra a-1 (<110>||DL, {001}<110>B2, {112}<110>B2 e {111}<110>B2).

Palavras-chave: Liga com memoéria de forma de Ni-Ti; Tratamento termomecénico; Marforming;
Textura.
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1 INTRODUCTION

The shape memory alloys (SMA) are very sensitive to changes in the chemical
composition and thermal and/or mechanical treatments. The phase transformations
responsible for the shape memory effect (SME) in the Ni-Ti SMA are greatly affected
by thermal treatments.I"® The influence of cold work, annealing and precipitation
kinetics during aging on martensitic transformation in the Ni-Ti alloy have been
studied by many researchers.**

In most polycrystalline materials, crystal orientations are present in a definite
pattern and a propensity for this occurrence is caused initially during crystallization
from the melt or amorphous solid state and subsequently by thermomechanical
processes. This tendency is known as preferred orientation or, more concisely, the
texture. Many material properties (Young’s modulus, Poisson’s ratio, strength,
ductility, toughness, electrical conductivity etc.) depend on the average texture of a
material.

Several studies are dedicated to the influence of texture on the
thermomechanical response of the SMAs, mainly using in-situ neutron radiation to
follow up the structural evolution.[”? Thermal cycling, rolling or drawing are found to
develop specific texture in metals and alloys. They result in different anisotropy
characteristics (mechanical, electrical and magnetic behaviour). NiTi SMAs are also
sensitive to these effects. The texture is found to give rise to anisotropy in
transformation recovery strain.®! NiTi SMA in austenitic field has a bcc type
texture:®'% a-fibre 1 <110>||RD ({001}<112>-{112}<110>-{111}<110>), o-fibre I
<110>||IRD ({111}<110>-{110}<110>), y-fibore <111>|[ND ({111}<110>-{111}<112>),
and n-fibore <100>||RD ({001}<100>-{011}<100>). The calculated Iattice
correspondence between parent phase and martensite using the Miyazaki's
correspondence variant notation [10], where the (110)[1 10] parent phase variant
gives rise to {111}<211> and {002}<002> martensite variants; and the (111)[1 10]
parent phase variant gives rise to {210}<211> and {210}<002> martensite variants.

In the present work, the cold rolling (marforming) on the texture was studied in
two Ni-Ti alloys, one Ti-rich (Ni-51.0at.%Ti) with SME above room temperature and
another Ni-rich (50.8at.%Ni-Ti) superelastic at room temperature. The phase
transformations were analyzed by differential scanning calorimetry (DSC) and
electrical resistivity (ER).

2 MATERIALS AND METHODS

The materials in study are two Ni-Ti, one Ti-rich (49.0at.%Ni-51.0at.%Ti,
according to SEM/EDS and thickness 2.00 mm) that exhibit shape memory
characteristics above room temperature (Toom) and another Ni-rich (50.8at.%Ni-
49.2at.%Ti, according to supplier and thickness 1.00 mm) that exhibit superelastic
characteristic (SE) at Troom.

The Ni-Ti alloys were supplied by Memory-Metalle GmbH, Germany
(www.memory-metalle.de). According to supplier information, the Ni-Ti alloys were
melted in a vacuum induction melting furnace under argon atmosphere, using
compact graphite crucibles.

- Thermomechanical Treatment
The thermomechanical treatment consists of three steps (Figure 1):
— in the first step, a previous thermal treatment in air, where the samples
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were introduced in the furnace at 500°C during 30 minutes and water
quenched, in order to recrystallize the material prior to cold-rolling,

— in the second step, the sample is subjected to a marforming (cold rolling
with 30% thickness reduction),

— in the third step a post thermal treatment in air, where the samples entered
the furnace at 500°C and, after 30 minutes soaking, were water quenched.
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Figure 1 — Schematic diagram for thermomechanical treatment.

- Thermal and Structural Characterization

XRD analysis was performed using a Bruker diffractometer (30 kV/100 mA,
rotating anode, CuKa radiation) with conventional 6/20 scanning and texture
analysis, both in the temperature range from T,,om to 150°C. The rolling direction
(RD) was kept aligned in @ = 0° and transversal direction (TD) in ¢ = 90°.

Samples with a mass ranging from 40 to 50 mg were cut for DSC analysis
(SETARAM DSC92). The thermal cycle for the DSC comprised (i) heating up to
180°C, (ii) holding for 360 s and (iii) subsequent cooling down to -30°C with heating
and cooling rates of 7.5°C/min.

ER characterisation has been performed on a home made four-probe set up,
which was immersed, together with the sample, in a silicone oil bath with temperature
control. It consists of a block of 4 copper rods with wedge-shaped tips. The position
of the rods as well as the pressure that they exert on the test specimen is individually
controlled. A controllable power supply is used to apply the current (1600 mA) into
the test specimen. Data acquisition board (National Instruments, USA) with a
precision better than 1 uV has been used to send the signal to a PC. Samples have
been scanned in the temperature range from -20 to 150°C.

3 RESULTS
Figure 2 shows the thermal characterisations with complete cycles by DSC for
SME and SE alloys, in the following conditions: (i) as-received (AR), (ii) heat treated

in air at 500°C followed by water quenching (HT), (iii) HT and subsequent cold rolling
(marforming) followed by HT (HT+CR+HT). In the Figure 2a on cooling is shown two

3428



peaks exothermic overlapped (B2—R; B2—»B19° and R—B19’) obtained by
deconvolution process with CGAS function using “Peak Fitting — Origin 7
software)”."! Figure 3 shows typical thermal characterisation curves by electric
resistivity (ER) for the transformation sequences observed in the samples in study.
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Figure 2 — DSC curves: (a) SME-AR; (b) SME-HT; (c) SME-HT+CR+HT; (d) SE-AR; (e) SE-HT; and

(f) SE-HT+CR+HT.

The

transformation

temperatures

obtained

from DSC analysis and

transformation sequences observed by ER are given in Table 1. These values were

taken from the kinetics curves calculated by integration of the DSC peaks.
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Figure 3 — Typical behaviour on ER tests observed in samples under study: (a) multiple-steps on
cooling and one step on heating, e.g. SME-AR; (b) one step on cooling and on heating, e.g. SME-HT;
and (c) B2—R in two-steps transformation on cooling interrupted above My”, e.g. SE-AR.

Table 1 — Sequence and transformation temperatures extracted from DSC and ER analyses.

Sequences and Transformations Temperatures (°C)

Structural Cooling Heating
Condition B2—->R B2—-B19’ R—B19’ B19>R B19'—>B2 R—B2
Re | Re | My | M/ | My [ M [ R | R | AY [ A [ A [ A
Ti-rich Ni-Ti alloy (SME)
AR 64.9| 44.3| 58.7| * * 13.5| 66.8| * * * * 106.6
HT - - 67.0] 356| - - - - 94.3/136.0] - -
HT+CR+HT - - 72.6| 48.7| - - - - 85.6|112.7| - -
Ni-rich Ni-Ti alloy (SE)
AR 29.6| -16.0] - - -40.4 -100.8| -30.6| * * * 1.9 279
T 11.7| -13.9| - - -24.7| -516| -80| * * * * 16.6
HT+CR+HT | 27.9| -14]| - - 96| -469| -1.7| * * * * 36.1

A, R and M refer to the Austenite, Rhombohedral and Martensite phases, respectively. The subscripts s and f
refer to the start (1% phase formed) and finish (99% phase formed) temperatures of phase transformations. (-)
not detected. (*) identified only by ER.

Figures 4 and 5 show the pole figures, (11 1)g1o and (110)gy, for SME and SE
alloys, respectively, in the following conditions: AR, HT and HT+CR+HT.
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Figure 5 — Pole Figure (110)g, for Ni-rich Ni-Ti alloy (SE): (a) AR, (b) HT, and (c) HT+CR+HT.

4 DISCUSSION

From Table 1 and Figures 1a and 2a, it is clear that in (SME-AR) sample the
phase transformations occur in multiple steps during cooling and heating (B2&R;
B2-B19’; R&B19’). In this case, when martensite transformation starts, R-phase
transformation is not yet finished in another B2 matrix region. This may be due to the
fact that the energy to start the B2—>B19’ in some B2 matrix regions is higher than
that required for B2—R transformation.l'>">'"! For the heat treatment at 500°C (HT —
Table 1 and Figures 2b and 3b) in (AR) condition and after cold rolling (HT+CR —
Table 1 and Figure 2c) for the SME alloy, it was found that R-phase transformation
completely disappears, resulting in a one step transformation (B2—B19’) on heating
and on cooling.'*"*'1 On the other hand, (SE-AR) sample presents the phase
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transformation in two steps during cooling (B2—+R—B19’) and multiple steps during

heating (B19'>R; B19°>B2; R—B2),!"""® is shown in Table 1 and Figures 2d and

3c. In this case, when martensite transformation starts during cooling, R-phase
transformation is finished. This may be due to the fact that the energy to start the

B2—B19 in B2 matrix is higher than that required for B2—R transformation; then,

B2—B19" does not occur. For the heat treatment at 500°C (HT) in (AR) condition

and after cold rolling (HT+CR) of the SE alloy, it was found that Ry decreases and Rs

increases, whether Mg and M; increase.['®

From Figure 4 a textural evolution is clearly observed by modifications in texture
components in the SME alloy due to thermal and mechanical treatment:!'*""]

- AR condition (Figure 4a) for B19: central components associated with the
variants 1:(11 1)[2 1 1]g1e and 4:(11 1)[2 1 1 ]g1e corresponding to {110}<110>g,.

- AR condition (Figure 4b) for B2: central component associated with texture
component (110)[110]g2, with RD in <110>.

- HT condition (Figure 4c) for B19’: central components associated with the variants
1:(111)[21 1]g19 and 4:(111)[2 1 1]g1o corresponding to {110}<110>g, and other
variants 3:(120)[2 11]g19 and 5:(120)[00 2]g19 close to y = 33° corresponding to
{111}<110>p..

- HT condition (Figure 4d) for B2: central components associated with texture
component (110)[110]g2 and other components {111}<110>g, close to y = 35°,
with RD in <110>.

-  HT+CR+HT condition (Figure 4e) for B19’: strong central components associated
with the variants 1:(111)[211]g1e and 4:(111)[211]s1¢ corresponding to
{110}<110>g, and other weak components close to y =45° associated with
variants 2:(102)[211]g1g, 4:(102)[211]g1e and 6:(102)[020]z1o' corresponding
to {111}<110>g..

- HT+CR+HT condition (Figure 4f) for B2: strong central components associated
with the texture component (110)[110]s2 and other weak components close to
y = 45° associated with the texture components {001}<110>g;.

For all SE alloy conditions (AR — Figure 5a, HT — Figure 5b, and HT+CR+HT —
Figure 5c), it is observed texture components close to y = 18° associated with texture
components {210}<110>g, and other components close to y = 30° associated with
texture components {211}<110>g,, with RD in <110>.

5 SUMMARY

For the Ni-Ti alloys under study, the heat treatment at 500°C associated with
marforming (30% thickness reduction) is more effective to promote changes in the Ti-
rich alloy than in the Ni-rich alloy:

- Resulting in a completely recrystallized structure.

- Inducing the direct and reverse transformation in one step (B2<B19’).

- Promoting the development of the texture component associated to

{111}<110>p..
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