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Deformation of a B190 martensitic, polycrystalline Ni49.9Ti50.1 (at. %) shape memory alloy and

its influence on the magnitude and stability of the ensuing two-way shape memory effect

(TWSME) was investigated by combined ex situ mechanical experimentation and in situ neutron

diffraction measurements at stress and temperature. The microstructural changes (texture, lattice

strains, and phase fractions) during room-temperature deformation and subsequent thermal

cycling were captured and compared to the bulk macroscopic response of the alloy. With

increasing uniaxial strain, it was observed that B190 martensite deformed by reorientation and

detwinning with preferred selection of the (�150)M and (010)M variants, (20�1)B190 deformation

twinning, and dislocation activity. These mechanisms were indicated by changes in bulk texture

from the neutron diffraction measurements. Partial reversibility of the reoriented variants and

deformation twins was also captured upon load removal and thermal cycling, which after

isothermal deformation to strains between 6% and 22% resulted in a strong TWSME.

Consequently, TWSME functional parameters including TWSME strain, strain reduction, and

transformation temperatures were characterized and it was found that prior martensite

deformation to 14% strain provided the optimum condition for the TWSME, resulting in a stable

two-way shape memory strain of 2.2%. Thus, isothermal deformation of martensite was found to

be a quick and efficient method for creating a strong and stable TWSME in Ni49.9Ti50.1. VC 2012

American Institute of Physics. [http://dx.doi.org/10.1063/1.4764313]

I. INTRODUCTION

Near-equiatomic NiTi shape memory alloys (SMAs)

undergo a reversible martensitic phase transformation

between a cubic (B2) austenite phase and a monoclinic

(B190) martensite phase. This first-order phase transforma-

tion gives SMAs their unique shape recovery capabilities,

exemplified by two behaviors: the shape memory effect

(temperature-induced phase transformation) and superelas-

ticity (stress-induced phase transformation). Both behaviors

have been widely exploited in a range of applications in

response to aerospace, biomedical, and industrial needs,

amongst others.1 NiTi SMAs can produce work (energy den-

sities exceeding 107 J/m3),2 which allows them to be

employed as solid-state actuators. Typically when used in

such applications, the SMA elements remember the original

austenitic shape and are used in conjunction with a biasing

force to complete the actuation cycle. This is known as bi-

ased shape memory or one-way shape memory behavior. It

is also possible for these alloys to change and remember

shapes on both heating and cooling without an external bias-

ing force, a behavior known as the two-way shape memory

effect (TWSME). TWSME is not an inherent behavior of

SMAs but can be obtained after specific thermomechanical

training procedures.

Extensive research exists concerning the various meth-

ods used for inducing the TWSME.3 Some of these training

procedures consist of constant load thermal cycling (e.g., in

NiTi,4–7 NiTiPd,7,8 CuZnAl,9,10 and TiNiNb11), martensite

deformation and free/constrained recovery (e.g., in ten-

sion,12–14 compression,15 and bending16–19), deformation cy-

cling of austenite to promote the stress-induced martensitic

transformation,20–22 or precipitation during constrained

aging.23–26 The principle behind all these training methods

involves the formation of internal stress fields that induce the

same martensite variants during transformation as were gen-

erated during training, but without the need for external

stress. These stresses can be created by mechanisms such as

dislocation arrays generated during thermomechanical train-

ing,10,20 stabilized stress-induced martensite,22 retained mar-

tensite,14,20 symmetry and point defects,27 or aligned

coherent precipitates.23 The associated internal stresses that

are developed during these training procedures dictate the

stability and efficiency of the TWSME. Thus, understanding

the role of the adopted training schemes is essential in opti-

mizing the performance of the ensuing two-way shape mem-

ory response.

Martensite deformation is probably the simplest but

least understood training scheme. B190 martensite deforma-

tion proceeds through several mechanisms that operate over

distinct strain ranges. Fig. 1 is a representative stress-strain

curve for martensitic NiTi, which for discussion purposes is

divided into four main regions. Region I is the initial
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macroscopic tensile response up to �1% strain, which is

attributed to the elastic deformation of the self-

accommodated B190 martensite coupled with early onset of

variant reorientation and detwinning.28 These latter proc-

esses are responsible for the non-linearity observed in the

initial loading response of NiTi and the often deflated values

of modulus reported from mechanical test data. With

increasing strain (region II), a broad stress plateau is

obtained where the deformation is mainly dominated by vari-

ant reorientation and detwinning of the initial [011] type II

and (1�11) type I twinning modes.29–31 In this same region, it

has been reported that dislocation networks form in both the

martensite twin plates32 and in the junction plane areas33 to

accommodate the strain mismatch during variant reorienta-

tion. Further straining results in region III of rapid strain

hardening, which is attributed to further reorientation and

detwinning, the operation of new (20�1) and (100) deforma-

tion twins30,31,34 and plasticity. Finally, region IV, with a

characteristic low work hardening rate, is due to further

nucleation and growth of (100) and (20�1) deformation twin

systems, possible formation of new (113) twins,30,31 and dis-

location generation.13,30

Training via martensite deformation has been shown to

be effective in inducing the TWSME.13 Compared to other

methods, training by martensite deformation is relatively

easy and quick, requiring little more than a onetime defor-

mation of the material as opposed to aging under some type

of constraint or performing multiple thermomechanical

cycles. While theories have been proposed to explain this

training route, no experimental studies have examined the

micromechanical and microstructural changes associated

with the martensite deformation that is responsible for de-

velopment of the TWSME (e.g., texture evolution, internal

strain fields, and phase volume fractions). In addition, the

underlying martensite deformation mechanisms discussed

above have not been linked to optimization of the TWSME.

One way of investigating these microstructural parameters

is by in situ neutron diffraction at stress and temperature.

Neutrons are uniquely suited to study the average micro-

structural response of bulk polycrystalline samples due to

the deep penetration, large sampling volume, and elimina-

tion of free-surface effects. Therefore, use of in situ

neutron diffraction coupled with ex situ macroscopic test-

ing can provide additional insights into the B190 deforma-

tion mechanisms previously discussed and the ensuing

TWSME.

Thus, the aim of this work was to investigate the role

of martensite deformation on the stability and efficacy of

the TWSME by carrying out in situ neutron diffraction

measurements during isothermal loading and thermome-

chanical cycling. TWSME functional parameters and deg-

radation (or lack thereof) were also measured from ex situ

macroscopic experiments and correlated with the micro-

structural observations.

II. EXPERIMENTALTECHNIQUES

The material used in this study was a binary NiTi alloy

with nominal composition of Ni49.9Ti50.1 (at. %) produced

by Special Metals, New Hartford, New York (now SAES

Smart Materials). Cylindrical, dog-bone tensile specimens,

5.08mm in diameter and 15.24mm in gauge length, were

machined from a hot-rolled and hot-straightened 10mm di-

ameter rod. Various physical and thermomechanical proper-

ties of this alloy are available in the literature.7,28,35–38 Prior

to testing, two no-load thermal cycles between room temper-

ature and 200 �C at a rate of 20 �C/min were performed on

the as-machined samples to relieve any residual stresses

resulting from the machining operation. Stress-free transfor-

mation temperatures: martensite start (Ms), martensite finish

(Mf), austenite start (As), and austenite finish (Af) were meas-

ured from the second mechanical no-load thermal cycle

using the intercept method and were found to be 71, 55, 92,

and 1056 2 �C, respectively. From differential scanning cal-

orimetry (DSC) measurements, no intermediate R-phase or

multistage transformation was observed in this alloy.

Ex situ thermomechanical tests were performed on an

810 MTS servohydraulic load frame equipped with an MTS

FlexTest SE digital controller, a Eurotherm 3504 tempera-

ture controller, an Ameritherm NovaStar 7.5 kW induction

heater, a set of 646 water cooled hydraulic collet grips, a

22 kN/5 kip load cell, and a high-temperature, 12.7mm

gauge length extensometer. The ex situ experiments con-

sisted of isothermal loading and unloading at room tempera-

ture followed by stress-free thermal cycling. Seven samples

were strained individually in uniaxial tension to 6%, 10%,

14%, 16%, 18%, 20%, and 22% in strain control at a rate of

1� 10�4 s�1 (Fig. 2). The maximum strain imparted to each

sample was selected specifically to study the deformation

response of martensite in different regions of Fig. 1. The

microstructural response of NiTi during the initial loading up

to 6% strain has been thoroughly investigated in Ref. 28 and

hence omitted in this study. After straining each sample to a

predetermined value, it was then unloaded to 0MPa and

thermally cycled 10-times through the phase transformation

between room temperature and 200 �C using a heating rate

of 20 �C/min (while holding the stress constant at 0MPa).

In situ neutron diffraction experiments were performed in

“time-of-flight” mode using the spectrometer for MAterials

FIG. 1. Representative stress-strain response of martensitic NiTi showing

the four distinct deformation regimes.
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Research at Temperature and Stress (SMARTS) at the pulsed

neutron source at Los Alamos National Laboratory (LANL).

A detailed description of the experimental instrument can be

found elsewhere.39 In SMARTS, the samples were mechani-

cally loaded in tension while simultaneously acquiring neu-

tron data with diffraction vectors parallel (Qk, �90�) and

perpendicular (Q?, þ90�) to the loading axis (loading axis

oriented at 45� relative to the incident beam). Similar to the ex

situ experiments, five samples were individually strained in

situ to 6%, 10%, 14%, 18%, and 22%, unloaded to 0MPa,

heated to 200 �C, and cooled to room temperature using the

same strain and heating rates listed above. Neutron diffraction

spectra were collected at each step, i.e., at room temperature

in the initial no-load condition, at the applied strain achieved

after tensile loading, and after unloading at 0MPa, during

heating at 200 �C, and again at room temperature after the

cooling cycle. At each condition, neutron spectra were

acquired for 30min for adequate statistical quality.

The Rietveld refinement technique40 implemented in

the General Structure Analysis System (GSAS) code41,42

was used to analyze the neutron diffraction spectra. A gen-

eralized spherical harmonic description42 was used in the

code to capture the texture evolution during loading and/or

heating. In this work, texture is represented using inverse

pole figures (IPFs), which describe the distribution of spe-

cific macroscopic directions, particularly, the loading axis,

in the coordinate systems of the individual diffracting units

that compose polycrystalline NiTi. A single peak fitting

method was also used to compute individual hkl lattice

strains from planes perpendicular to the loading direction

using the change in the interplanar spacing as described

elsewhere.37

III. RESULTS AND DISCUSSION

A. B190 martensite deformation

The tensile stress-strain-temperature response of the

Ni49.9Ti50.1 alloy is shown in Fig. 2 for 7 samples deformed

at room temperature to strains between 6% and 22%, unload-

ing to zero stress, followed by thermal cycling. For clarity,

only the first heating cycle is shown, though each sample

was thermally cycled 10-times between room temperature

and 200 �C. The first thermal cycle, included in Fig. 2, will

be referred to as the transient response in subsequent

discussion.

The effect of martensite deformation on the subsequent

strain recovery of the Ni49.9Ti50.1 alloy is shown in Fig. 3.

The amount of springback after unloading (from the applied

strain to 0MPa (B!C)) and the amount of strain recovery

after the first thermal cycle at 0MPa (C!D) are shown in

Fig. 3(a). The letters A-D refer to positions along the stress-

strain-temperature curves indicated in Fig. 2. The data indi-

cate that the strain recovery due to unloading (B to C)

increased with increasing applied strain but was larger than

anticipated based solely on elastic recovery. The recovered

strain due to the first thermal cycle (C to D) appeared as a

step function, decreasing to a lower level between 10% and

14% applied strain, as region IV of Fig. 1 is reached.

However, if the two strain recovery mechanisms are

combined (B to D) the total strain recovery increases with

increasing applied strain (Fig. 3(b)). The permanent compo-

nent of the strains (D to A) also increased with applied strain,

increasing in a nearly linear fashion. These observations are

qualitatively consistent with a previous study.13 The maxi-

mum total recoverable strain was 6.6% for sample 7, which

FIG. 2. Tensile stress-strain-temperature responses of seven Ni49.9Ti50.1 samples deformed at room temperature to strains between 6% and 22%, unloaded to

zero stress, and thermally cycled to 200 �C and back to room temperature.

093510-3 Benafan et al. J. Appl. Phys. 112, 093510 (2012)



was strained to 22%. However, the maximum thermally

recovered strain occurred in the sample deformed only to

6%. The permanent strains become larger than the recovered

strain at about 11.5% strain, as indicated by the line crossing

in Fig. 3(b), which is the beginning of region IV of Fig. 1.

Overall, the linearity in both the total recovered and the per-

manent strains shown in Fig. 3(b) and the step function in

the thermally recovered strain as a function of applied strain

implies that martensite deformation from 11% to 22% is pos-

sibly dominated by the same mechanism(s).

Neutron diffraction data were collected at critical points

(i.e., positions A, B, C, and D of Fig. 2) to relate the

observed macroscopic behaviors to microstructural mecha-

nism(s). Fig. 4 shows the IPFs for planes perpendicular to

the loading axis in the B190 martensite for samples 1(6%),

2(10%), 3(14%), 5(18%), and 7(22%). The value in paren-

theses after each sample number is the applied strain, in

which each sample was deformed initially. The numbers at

the top left-hand corner of each IPF in Fig. 4 indicate the re-

spective maximum and minimum densities of grains with the

given pole in the loading direction in multiples of random

distribution. For reference, the preferred B190 variants that

were selected during deformation (i.e., (�150)M, (010)M, and

(230)M) are indicated on the very first IPF (top left-hand cor-

ner). The initial near random texture for the samples prior to

testing, shown in column A of Fig. 4, corresponds to the

self-accommodated variants of the martensite phase as they

exist in the bulk, polycrystalline aggregate. A similar initial

texture was obtained for each sample tested.

On loading to 6% strain, direct evidence of variant reor-

ientation/detwinning is presented by the texture evolution of

the preferred (�150)M and (010)M orientations (column B of

Fig. 4). The initial nucleation and growth of these variants in

regions I and II along the loading direction were captured in

detail in Ref. 28. As observed in Fig. 2, the 6% applied strain

level resides in the initial portion of the rehardening region

(region III of Fig. 1), where the intensity of the (010)M orien-

tations was observed to saturate with increasing strain. In

fact, continuous texture measurements (not shown here)

revealed that the intensities at the (�150)M/(010)M orienta-

tions reach a maximum between 7% and 9% strain where the

intensity of the (230)M orientations starts to increase.43 This

is consistent with the IPF results in column B, where by 10%

strain, which is just beyond the end of region III, the inten-

sity of the (010)M orientations is just starting to decrease and

the intensity of the (230)M orientations is just starting to

develop.

As the intensities of the (�150)M and (010)M orientations

reached a maximum, a new texture formed with increasing

applied strain, indicated by preferred selection of the (230)M
orientations as shown by the IPFs in column B of Fig. 4.

This discrete reorientation of the maximum pole density

from crystallites whose near (010)M plane normals were

aligned with the loading axis to those whose (230)M plane

normals become aligned with the loading direction starts

between 6% and 10% strain and dominates the behavior at

the higher strain levels. It is also observed that the intermedi-

ate area of the IPFs between the (010)M and (230)M orienta-

tions gets slightly populated during this discrete

reorientation. The discrete texture shift was related to

(20�1)B190 deformation twinning, which is the plane normal

that bisects the real directions of the (010)M and (230)M
poles.43

TEM studies by Zhang et al.30 indicated that (20�1)B190

deformation twinning was found to start at about 7% strain.

In addition (100)B190 twinning was also observed by Zhang

et al.30 to take place before and in conjunction with the iden-

tified (20�1)B190 twins in regions III and IV. Consistently,

these TEM results show evidence of (20�1)B190 deformation

twinning at relatively low strains (�7%), and the bulk tex-

ture results shown in Fig. 4 indicate that this deformation

mode begins to form at applied strains between 6% and

10%, which corresponds to region III of the stress-strain

response for martensite. In this region, the intensity of the

(230)M orientations continue to increase over the level of

strains investigated. Note that the region of the IPFs between

the (010)M and (230)M orientations is not completely

FIG. 3. Recovered and permanent strains through various regions of the

stress-strain-temperature curves for Ni49.9Ti50.1 shown in Fig. 2. (a) Recov-

ered strains after unloading (from the applied strain to 0MPa (B!C)) and

after the first thermal cycle at 0MPa (C!D). (b) Total recovered strains

including unloading and thermal recovery (B to D) and total permanent

strains after the first thermal cycle (D to A).
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unpopulated due to a gradual rotation of the maximum pole

density. This is consistent with what is observed when slip

mechanisms are activated, although the slip plane and direc-

tion were not identified in this work due to the difficulty in

studying the dislocation structures within the martensite.

The mechanical unloading sections of the stress-strain

curves shown in Fig. 2 were nonlinear in nature, which was

attributed to the reverse reorientation of the martensite. This

is captured by the IPFs in column C of Fig. 4 that show a

decrease in the maximum pole density at the (230)M orienta-

tion and a slight decrease in the intensities of the (�150)M and

(010)M orientations after the samples were unloaded from

the applied strain. Clearly, some of the (20�1)B190 twins were

partially reverted, contributing to the recovered strains dur-

ing mechanical unloading (Fig. 3).

Significantly more of the (�150)M and (010)M orienta-

tions were recovered in all samples during the first heating

and cooling cycle (column D of Fig. 4). In addition, (230)M
orientations were thermally recovered in samples deformed

to 14%-22% strain. In samples deformed to less strain, the

(230)M intensity was unaffected and very close to that of a

random distribution in the samples deformed to 6% and 10%

strain in the unloaded condition following thermal cycling.

This is consistent with the fact that the (20�1)B190 twinning

mode, which is presumably responsible for the (230)M tex-

ture changes, only begins to dominate at strain levels corre-

sponding to region IV. This results in permanent strain in the

martensite phase as shown in Fig. 3(b). It was also reported30

that the (100)B190 twins are recoverable upon heating, which

could add to the strain recovery of Fig. 3. However, the self

accommodated texture of the initial martensite (column A

compared to column D in Fig. 4) was not completely

restored after one thermal cycle. This is due to preferential

nucleation of the martensite variants favored during isother-

mal straining as the sample cools back to room temperature,

possibly as a result of internal stresses from the (20�1)B190

twins and dislocation activity. This preferred nucleation of

selected martensite variants is responsible for the TWSME.

From the presented IPFs, the large strain recovery in this

Ni49.9Ti50.1 alloy is attributed to the reorientation and det-

winning mechanisms (regions I and II), while the deforma-

tion twins along with dislocation generation are for the most

part irreversible and lead to the permanent strains (regions

III and IV). These latter mechanisms are responsible for the

FIG. 4. Room temperature IPFs for martensitic Ni49.9Ti50.1 from diffracting planes perpendicular to the loading direction. For a given IPF, the corresponding

maximum and minimum pole intensities (times random) are at the top left hand corner and the specific intensity changes for the (230) and (010) poles are indi-

cated below each IPFs. The column letters correspond to the positions identified in Fig. 2.
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70% permanent deformation in sample 7 deformed to 22%

as shown in Fig. 3(b) and the permanent strain in the other

samples.

The no-load, transient strain-temperature responses of

the first heating and cooling cycle after room-temperature

deformation are shown in Fig. 5(a). These responses were

offset to a common starting point for easier comparison

between samples as shown in Fig. 5(b). On heating, strains

were already recovered (negative slopes) before reaching the

transition temperatures where the material starts transform-

ing to austenite. The negative slopes for the heating curves

or strain recovery could possibly be attributed to at least

three mechanisms: (i) negative thermal expansion, (ii)

reverse reorientation of the martensite, and (iii) a change in

the material compliance. It was recently shown that due to

the anisotropy in the monoclinic structure, certain martensite

variants exhibit a negative thermal expansion.37 However,

all the variants that formed along the loading direction for

this material had a positive CTE and therefore cannot con-

tribute to the observed transient response.

Eliminating (i) above leads to consideration of the latter

two mechanisms. Additional reverse reorientation with the

application of temperature occurs as some variants and de-

formation twins partially rearrange in the martensite matrix

prior to the phase transformation. Unfortunately, no IPFs

were determined at intermediate temperatures, but only after

the completed thermal cycle. Thus, it is not possible to ascer-

tain whether reverse reorientation occurred prior to the trans-

formation to austenite. However, any strain recovery due to

this reverse reorientation mechanism would be significantly

aided by the change in the material’s compliance during

heating. It has been shown that the Young’s modulus for

NiTi alloys decreases with temperature reaching a significant

minimum at about the start of the reverse transformation fol-

lowed by a steep increase once the reverse transformation is

completed.44–47 The Ni49.9Ti50.1 alloy studied here exhibits

similar compliance characteristics that were measured using

a dynamic technique48 and would definitely provide a mech-

anism for reverse reorientation to occur with increasing

temperature.

The initial slopes for the heating curves were also

shifted more negatively with increasing applied strain values,

which would be due to an increase in twin volume fractions

and the internal strain developed in the material (Fig. 5).

This also would be consistent with a relaxation or reverse

reorientation mechanism discussed above. Moreover, the

transformation temperatures As and Af were shifted to higher

temperatures with increasing applied strain. This is due to

the high internal strain developed during reorientation and

twinning of the martensite which resists the phase transfor-

mation. However, on cooling, the forward transformation

takes place essentially at the same temperature regardless of

the applied strain level, and the final room temperature strain

recoveries were grouped in two regions, as demonstrated in

Fig. 5 and by the step function in recovered thermal strain

shown in Fig. 3(a). However, the paths to the strain level at

room temperature were very different in all cases. For exam-

ple, although samples 1(6%) and 2(10%) exhibited the same

final recovered strain at room temperature, the paths for get-

ting to that point were significantly different along every por-

tion of the strain-temperature response. This included

substantial differences in the initial slope during heating, the

magnitude of the TWSME strain between As and Af, and the

amount of TWSM strain developed during the forward trans-

formation. Similar differences were observed for the other

five samples deformed to higher strain.

Finally, the transient responses during heating show an

incomplete transformation to austenite. Neutron diffraction

data were acquired at the upper cycle temperature of 200 �C

for each sample, which revealed the presence of

FIG. 5. Transient strain-temperature responses for the very first thermal

cycle after load removal. (a) Responses in the absolute scale, (b) responses

shifted to a common point. Samples 1 through 7 correspond to the samples

identified in Fig. 2.
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untransformed/retained martensite. Through Rietveld refine-

ments, it was estimated that samples 7(22%), 5(18%), and

3(14%) contained �8%, �5%, and �4% volume fraction of

retained martensite at 200 �C, even though the stress free Af

temperature for the alloy was 105 �C. No detectable martens-

ite was observed on samples 2(10%) and 1(6%). This

retained martensite was mostly of the (�150)M, (010)M, and

(230)M orientations that can be both advantageous and disad-

vantageous to subsequent properties. The retained martensite

can affect the internal stress fields aiding the TWSME on

cooling, and it can act like “dead” material that does not

transform reducing the transforming volume that contributes

to the transformation capability of the material.

For a measure of the local internal state, the hkl-specific

lattice strains were determined for the critical points noted in

Fig. 2, specifically at the maximum applied strain for each

case, after unloading to zero stress and after the first thermal

cycle. These strains are shown in Fig. 6 and refer to the aver-

age strain in a family of variants with common crystallo-

graphic orientation (hkl) relative to the diffraction vector.

They were obtained from the interplanar spacings (Ddhkl/dhkl)

using the single peak fitting method. The (011)M, (030)M,

(�120)M, and (�121)M lattice strains were selected to represent

the overall general trend observed in the material and are

from diffracting lattice planes perpendicular to the loading

direction. The dashed lines connecting the lattice strains dur-

ing loading are not the actual material response since the

strains were not continuously monitored but only recorded at

the discrete points, i.e., 6%, 10%, 14%, 18%, and 22%.

It is clear from Fig. 6 that internal strains build up with

increasing macroscopic applied strain, followed by a

decrease after unloading. Yet while the macroscopic far-field

stress at this point is 0MPa after unloading, the internal

strains, which are related to the average variant-scale

stresses, are still finite and in some cases quite significant,

imposing local internal stress concentrations at the variant

level. Increasing the temperature (before reaching the As)

combined with a significant reduction in the material compli-

ance relaxes these constraints and results in further reverse

variant reorientation, causing negative slopes in the transient

responses as shown in Fig. 5.

Following the first thermal cycle, a further decrease in

the internal strains occurs but they are still not fully relaxed,

though in some cases are forced into compression, as

observed in Fig. 6. Consequently, the starting condition for

the TWSME cycling (which are the subsequent thermal

FIG. 6. Lattice strain associated with the (a) (011)M, (b) (030)M, (c) (�120)M, and (d) (�121)M planes perpendicular to the loading direction. Lattice strain data at

applied strain (B), after unloading (C), and after one thermal cycle (D) are shown for samples loaded between 6% and 22% strain for each of the planes

measured.
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cycles imposed on the samples) consists of a microstructure

that is different from the original microstructure, consisting

of some pre-oriented martensite variants, as shown by the

IPFs in column D of Fig. 4, stabilized by a small but finite

amount of internal stress/strain as defined in Fig. 6.

B. TWSME characterization

The TWSME was introduced in this alloy by a onetime

loading in the martensite phase to different applied strain

levels. Following this training procedure, the TWSME was

characterized by stress-free thermal cycling between room

temperature and 200 �C for 10 cycles. The choice of the

upper cycle temperature was made to ensure complete trans-

formation when cycling under no-load (after the transient).

Figure 7 illustrates the strain-temperature responses of the

ensuing TWSME as a function of the applied strain levels.

The first transient heating curves are also included in Fig. 7

as indicated by the dotted lines. It was found that the magni-

tude of the TWSME strain (calculated as the difference

between the cold and hot-shape strains) was maximized in

the samples deformed between 14% and 16% strain. This

trend is better shown in Fig. 8(a), which is the TWSME

strain plotted versus cycle number for each applied strain

condition, and in Fig. 8(b) where the TWSME strain is plot-

ted as a function of applied strain level. The TWSME strain

started low at 0.5% for sample 1(6%), reached a maximum

at 2.2% for sample 4(14%), and dropped to 1.35% for sample

7(22%).

For low applied strains, the deformation was mainly

governed by reorientation and detwinning with the preferred

selection of the (�150)M and (010)M orientations as shown in

Fig. 4. Most of these orientations (or variants) were reversi-

ble upon unloading and thermal cycling, which resulted in a

small TWSME as insufficient oriented internal stress fields

were generated (Fig. 6) to strongly bias the transformation.

At 14% strain, a maximum amount of the easily recoverable

(010)M and (�150)M variants were retained in the microstruc-

ture after unloading and even maintained after the first ther-

mal cycle (column D of Fig. 4). In other words, at this

FIG. 7. TWSME strain-temperature responses for all samples strained

between 6% and 22%. The transient responses due to the very first heating

cycle after unloading are also included (dotted lines).

FIG. 8. TWSME strain plotted as a function of (a) cycle number for all

strained conditions, and (b) the applied strain level.
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applied strain level, a maximum volume fraction of these

easily recoverable and high-strain producing variants are

now reversibly formed in the microstructure. In addition, the

(20�1) B190 twin system was activated at this strain level, but a

major portion of these twins were recovered primarily during

unloading and also during heating (column D of Fig. 4).

Consequently, this applied strain condition maximized the

fraction of retained (010)M and (�150)M variants, while mini-

mizing processes that are more difficult to recover or contrib-

ute less strain.

With further straining to higher levels at the second

stress plateau (region IV of Fig. 1), less of the easily recover-

able (010)M and (�150)M variants and more of the irreversible

twins were retained in the material (column D of Fig. 4),

reducing the amount of the transforming volume and strain

contributing capability of the material. In addition, over

straining can introduce dislocation structures that result in in-

ternal strains that do not promote favorable martensite var-

iants and possibly even relax some of the internal constraints

that do, resulting in less TWSME. Indirect evidence of this

possible slip was presented in the IPFs of Fig. 4 by the grain

rotation between the (010)M and (230)M orientations (grains

that populate the region between these two orientations). A

simple change in twinning mechanism alone would show up

in the measurements as a discrete shift in texture without

gradual rotation.

At every applied strain value, the TWSME strain is

shown to be very stable from cycle to cycle (Fig. 8(a)). The

stability is also shown in Fig. 8(b) as function of the applied

strain that also serves to demonstrate the non-monotonic na-

ture of the TWSME strain behavior. However, it is evident

from Fig. 7 that there are some amounts of strain de-

evolution (degradation in both the cold and hot-shape

strains), particularly in sample 1(6%). As a result, it is appro-

priate to assess the stability of the TWSME by the strain

reduction as a function of cycle count. The strain reductions

were calculated from the difference in strain from one cycle

to the next measured at room temperature. Compared to the

other samples in this study, sample 1(6%) exhibited large

amounts of strain reduction during cycling (Fig. 9) even

though the TWSME strain was relatively constant (Fig.

8(a)). Samples 3(14%) and 4(16%) had near perfect dimen-

sional stability as negligible strain reduction was obtained

(Fig. 9). At larger applied strains, strain reduction increased

again with increasing applied strain values as shown by the

samples deformed between 18% and 22% strain. These

results indicate that both the magnitude and stability of the

TWSME are maximized by the applied strain to 14%-16%.

The texture responsible for this optimal behavior includes

both maximum contributions from the (�150)/(010)M mar-

tensite variants, and minimal contribution, compared to the

higher applied strain levels, of (20�1)B190 twins and disloca-

tion induced plasticity in the material. Consequently, this

level of applied strain is a balance between maximizing the

amount of high-strain, easily recoverable (�150)/(010)M mar-

tensite variants that are biased in the material through inter-

nal strain and minimizing the amount of less useful (20�1)B190

twinning and plasticity that occurs during the applied strain

process.

Other TWSME parameters of importance are the trans-

formation temperatures. The data shown in Fig. 10 illustrate

the variation in stability of the transformation temperatures

FIG. 9. Strain reduction during TWSME thermal cycling (measured at room

temperature).

FIG. 10. Transformation temperatures determined during TWSME thermal

cycling as a function of increasing cycle number.
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with increasing cycle number. For a given applied strain

level, the Ms, Mf, and As are all shown to be within 2 �C dur-

ing cycling, except for the Af, which shows larger differen-

ces. Keeping in mind that these temperatures were measured

using the intercept method, it is reasonable to associate an

experimental error of 62 �C to these reported data. There-

fore, other than a slight evolution in the Af temperature with

cycling, the transformation temperatures were quite stable

regardless of applied strain level. Also, while there were lit-

tle differences in the transformation temperatures for sam-

ples strained between 18% and 22%, there was a general

trend. Transformation temperatures were always highest for

sample 1(6%) and tended to decrease with increasing applied

strain level. However, stability in the transformation temper-

atures was not an issue when applying this training proce-

dure to Ni49.9Ti50.1.

IV. SUMMARY

Room-temperature deformation of a martensitic, poly-

crystalline Ni49.9Ti50.1 (at. %) shape memory alloy, and its

subsequent effect on the TWSME was investigated by com-

bining ex situ thermomechanical experiments and in situ

neutron diffraction measurements. The role of the B190 mar-

tensite deformation on the magnitude and stability of the

TWSME was assessed by examining the TWSME transfor-

mation strains, strain reduction, and transformation tempera-

tures for a maximum of 10 stress-free thermal cycles. The

following conclusions are reached.

1. The nature of the room-temperature stress-strain response

was correlated with the texture evolution observed at each

selected applied strain value.

a. Deformation to 6% strain, which corresponds to the

end of region II deformation behavior (Fig. 1), was

mainly dominated by easy martensite reorientation and

detwinning with preferred selection of the (�150)M and

(010)M orientations along the loading direction, most

of which were easily recovered after thermal cycling.

b. From 6% to 12% strain (region III in Fig. 1), deforma-

tion was still primarily accommodated by martensite

reorientation and detwinning, but a secondary defor-

mation mechanism was also observed that produced a

strong reflection at the (230)M pole. This secondary

mechanism was related to the (20�1)B190 twin system.

While the majority of this twin system was irreversi-

ble, fractions were also recovered after thermal

cycling.

c. Further deformation resulted in a significant change in

work hardening (and a transition into region IV). In

this region, at strains from 14% to 22%, no new texture

components were observed, but deformation seemed to

be dominated by processes that were additionally irre-

versible in nature. More of the (20�1)B190 twins were

retained in the sample after deformation and thermal

cycling. Also, indirect evidence of slip mechanisms

was also captured by the slight rotation of poles (e.g.,

(010)M) during deformation.

2. In general, reversible strains were attributed to the elastic

recovery and reverse reorientation during unloading, addi-

tional reverse orientation, and recovery of (�150)M and

(010)M martensite variants during thermal cycling and

partial reversibility of the (20�1)B190 twins. Irreversible

strains were attributed to the permanent deformation twins

and dislocations structures that cause a loss of correspon-

dence to the original parent phase. Irreversible strains

exceeded the reversible strains above �12% applied strain

(region IV) as the deformation twins and dislocation

processes started to dominate the behavior.

3. Training via martensite deformation was shown to be a

quick and effective way to introduce stable TWSME.

4. The applied strain levels dictated the magnitude and sta-

bility of the ensuing TWSME. Straining to 14%-16%, or

to the end of region III, was found to be optimum for this

material under the current testing conditions. Deformation

to these strains maximized the amount of biased (�150)M
and (010)M martensite variants present in the material,

while compared to higher strain levels, minimized the

amount of (20�1)B190 twinning. Under these conditions, a

stable TWSME strain of 2.2% was obtained with near-

zero strain reduction. These strain calculations (transfor-

mation and reduction) in addition to the transformation

temperature data are relevant to the design of shape mem-

ory alloy actuators that employ the two-way effect.

5. Further work is needed to assess the consequences of

changing one or more of the test conditions (tension/com-

pression, strain/stress control, loading/heating rates, and

the upper/lower cycle temperatures) that may result in dif-

ferent behaviors. Moreover the transient response was not

fully explored at this point, and more work is needed to

explain this behavior.
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