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This work focuses on the stress-induced transformation in solutionized and overaged single-crystal
NiTi alloys. The potential role of detwinning on the recoverable strains was investigated both theoreti-
cally and also with temperature-cycling experiments. The detwinning is the growth of one variant
within a martensite in expense of the other. It is shown that the experimental recoverable strains in
tension (near 8.01 pct in the [123], 9.34 pct in the [111], and 7.8 pct in the [011] orientations) exceed
the theoretical martensite (correspondent-variant pair (CVP) formation strains (6.49 pct in [123], 5.9
pct in [111], and 5.41 pct in [011]), lending further support that partial detwinning of martensite has
occurred in both the solutionized and overaged specimens. In compression, the experimental recover-
able strains are lower than the theoretical martensite (CVP) formation strain. In the compression
cases, the detwinning strain contribution is calculated to be negligible in most orientations. The
transformation strains observed in overaged NiTi are similar to the solutionalized NiTi, suggesting
that incoherent precipitates do not restrict the detwinning of the martensite. For the [123] orientation,
it is demonstrated that the thermal hysteresis is higher in solutionized NiTi compared to the overaged
NiTi. The higher thermal hysteresis can be exploited in applications involving damping and shape
stability, while the lower hysteresis is suited for actuators.

I. BACKGROUND ning strains in compression[1] for selected orientations. The
CVP is defined as the martensite plate with two correspon-SHAPE-MEMORY alloys have unique properties such
dent variants. In this study, the focus is on determining bothas recoverability of deformation upon heating and pseudo-
the CVP formation and detwinning strains in tension for allelastic stress-strain behavior. The materials-science back-
orientations. Transformation-strain contours are provided forground has been documented for these alloys over the years
both tension and compression within the stereographic trian-in a variety of materials journals, but a number of issues
gle demonstrating orientations favorable (and also unfavor-are still under investigation, including detwinning of the
able) to detwinning. In the current work, five different crystalmartensite and the magnitude of recoverable strains. The
orientations have been selected, with [123], [111] and [011]detwinning is the growth of one variant within a martensite
exhibiting high degrees of detwinning in tension, [012]in expense of the other. The detwinning produces additional
exhibiting moderate detwinning in tension, and [001] exhib-recoverable strain, especially in tension. It has been well
iting no detwinning in tension.known that transformation strains in NiTi alloys in tension

There have been previous attempts to demonstrate theare significantly larger than under compression. This pro-
role of detwinning in the NiTi alloys, which focused onduces differences in stress-strain response in tension vs com-
deformation in the absence of phase transformations. Vanpression and also in the measured transformation strains.
Humbeeck[3,4] and colleagues deformed NiTi at temperaturesThese behaviors have been documented for textured poly-
below the martensite finish temperature and observed thecrystals for some time and were documented recently for
detwinning of the thermally induced martensite at strains ofsingle crystals.[1,2] Further experimental results on single-
the order of 6 pct. Working with polycrystals, they showedcrystal NiTi are needed to understand the deformation behav-
that depending on the loading direction (rolling vs trans-ior when detwinning of the martensite occurs without the
verse), with respect to the type II-1 twinning (shear) direc-influence of grain boundaries. The possible role of Ti3Ni4 tion, different degrees of detwinning develop duringprecipitates on detwinning also needs further understanding.
deformation. In the present work, the detwinning of stress-Experimental results in this study are aimed at addressing
induced martensite accompanying the austenite-to-martens-these needs.
ite transformation is of significant interest within the mar-In previous work, we have calculated the martensite (cor-
tensite finish temperature–to–austenite finish temperaturerespondent-variant pair (CVP)) formation and CVP detwin-
window. The additional strain associated with detwinning
can be harnessed to design microstructures with high recov-
erable strains. The magnitude of additional strain associatedHUSEYIN SEHITOGLU, Grayce Wicall Gauthier Professor, R.
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in NiTi alloys. The NiTi alloys are aged to produce nickel-
rich (Ti3Ni4) precipitates. These precipitates can exhibit dif-
ferent levels of coherency and influence the transformation
temperatures, the critical stress for transformation, and the
slip resistance of the austenite and martensite domains. They
have also been suggested to limit the detwinning process,
although no experimental results have been reported. In the
present work, we consider both solutionized and overaged
NiTi crystals, and we show that the transformation strains
for the solutionized and overaged NiTi are similar, both
exceeding the CVP formation strain. The critical stresses
for transformation are also comparable for both cases, with
the aged case exhibiting slightly higher critical stresses.

II. THEORETICAL RESULTS—CVP
FORMATION AND DETWINNING STRAINS

There are 12 independent lattice correspondences for NiTi
alloys between the austenite and martensite phases.[1] The
lattice parameters for the parent phase and for the monoclinic
phase are a0 5 3.015 Å, and a 5 2.889 Å, b 5 4.120 Å,
c 5 4.622 Å, and g 5 96.8 deg, respectively. The lattice
correspondences are given in (Table I). These lattice corre-
spondences allow the deformation-gradient matrix (F ) and
its symmetric part (U ), to be determined in the cubic refer-
ence frame. There are two kinds of invariant (undistorted)
planes in the twinned martensite. One is the twin planeFig. 1—Schematic of the transformation and detwinning processes during
(interface between the two lattice-correspondence variants),temperature cycling under tension.
and the other is the habit plane. The kinematic compatibility
between the two correspondence variants in the twin across
the twin plane requires that[5]

presented on five crystal orientations of NiTi single crystals
RijUj 2 Ui 5 a J n [1]under temperature-cycling conditions with a constant stress.

The overall recoverable strains measured exceed the CVP
where Ui and Uj are two lattice-correspondence variantsformation strains in tension, but not in compression. Conse-
which form the twin, and Rij is an orthogonal tensor (ofquently, the higher recoverable strains observed in tension
rank 2) satisfying RT

ij ? Rij 5 I (I being the second-rank iden-are attributed to partial detwinning of the martensite.
tity tensor). The Rij term represents the relative rotationThe strain-temperature response for a single-crystal solu-
between the two variants, n is the twinning plane normal,tionized NiTi can be best described with the aid of (Figure
a is the twinning shear direction. The subscripts i and j in1). Initially, at temperatures above the austenite finish tem-
Eq. [1] represent different choices of the integers {1, 2, . . .,perature (T . Af) the material is in the austenitic B2 phase.
12}, and there is no summation of the index. The symbolA constant external stress is applied, and then the specimen
^ represents a dyadic product.is cooled to temperatures where martensite formation occurs.

Using Eq. [1], all the possible twins (number of twins,The transformation initiates at a critical temperature desig-
twin plane normal, and twinning shear vector) can be deter-nated as the martensite start temperature. The martensite
mined. For the type II-1 case, the twin vectors are found ashas a monoclinic crystal structure shown in the figure. The
n 5 {0.5846, 0, 0.8113} and a 5 ^0.0120, 0.2890, 0.0164&.martensite that is formed is internally twinned, with two
Type II twinning has irrational twin plane normal. The typetwin-related variants constituting the CVP. Upon further
II-1 twinning is the most dominant twinning mode observedcooling, the martensite detwins (one twin variant grows in
experimentally in NiTi alloys.[6] The second invariant planeexpense of the other), finally resulting in a single crystal of
condition of the habit plane is used to determine the habit-martensite. We note in Figure 1 the habit-plane normal and
plane normal and transformation strain. The kinematic com-the shear-transformation directions. As the temperatures
patibility between the martensite and austenite across thereach the martensite finish temperature (Mf), the martensite
habit plane requires thatdomains have grown throughout the entire microstructure.

The presence of coherent Ti3Ni4 precipitates could restrict FM 2 I 5 b J m [2]
complete detwinning of the martensite, resulting in a two-

where I is the identity tensor, m is the habit-plane normal,phase structure with partially detwinned martensite and pre-
b is the shear of the martensite, and FM is the averagecipitates. If slip deformation occurs, it takes place in predom-
deformation gradient of the twinned martensite. For a stackinantly austenitic regions and produces a permanent
of thin twin layers, FM satisfies(inelastic) strain. Evidence of slip deformation is provided

later in this article (Section 3). FM 5 Rh ( f RijUj 1 (1 2 f )Ui) [3]
Before the experimental results are presented, we draw

attention to the role of precipitates on the recoverable strains where Ui and Uj are the two lattice-correspondence variants
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Table I. The 12 Lattice Correspondence Variants*

Variant 1 2 3 4 5 6 7 8 9 10 11 12

[100]m [100]p [100]p [100]p [100]p [010]p [010]p [010]p [010]p [001]p [001]p [001]p [001]p

[010]m [011]p [011]p [011]p [011]p [101]p [101]p [101]p [101]p [110]p [110]p [110]p [110]p

[001]m [011]p [011]p [011]p [011]p [101]p [101]p [101]p [101]p [110]p [110]p [110]p [110]p

*The m Refers to Martensite and p refers to parent (austenite).

Fig. 2—Theoretical transformation strains in NiTi alloys for CVP formation and for CVP formation and detwinning: (a) tension CVP formation; (b) tension,
strains after detwinning; (c ) compression CVP formation; and (d) compression, strains after detwinning.

in the twin, (1 2 f ) and f are their volume fractions, and There are 84 equations in Eq. [4], since there are 84
Rh is the relative rotation between the twinned martensite possible pairs of (a, n). The total number of habit-plane
and the parent phase. The values of Rh and f are unknown variants is 192. For the type II-1 twinning case, the b and
and are determined by solving Eq. [4] [Ref. 7]. m vectors are ^0.0568, 0.0637, 0.0991& and {0.8889, 0.4044,

0.2152}, respectively. For a type II-1 twin, it wasRh (Ui 1 f a J n) 5 I 1 b J m [4]

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 34A, JANUARY 2003—7



Table II. Summary of CVP and Detwinning Strains for
the Five Crystal Orientations Studied in This Work; Both

Tension and Compression Results Are Included

CVP CVP 1
Strains Detwinning

Type II-1 RSSF Active CVPs (Pct) Strain (Pct)

^100& 0.197 (5,7)(7,5)(6,8) 2.72 2.72
(8,6)(9,12)(12,9)
(10,11)(11,10)

^100& 20.386 (1,3)(3,1)(1,4)(4,1) 24.38 24.38
(2,3)(3,2)(2,4)(4,2)

^110& 0.386 (9,11)(9,12) 5.21 8.75
(10,11)(10,12)

^110& 20.430 (1,4)(4,1)(5,8)(8,5) 25.06 25.06
^111& 0.439 (2,3)(2,4)(6,7) 5.98 10.27

(6,8)(10,11)
(10,12)

^111& 20.253 (3,1)(4,1)(7,5)(8,5) 22.98 23.58
(11,9)(12,9)

^012& 0.355 (1,4)(2,3) 4.82 7.55
^012& 20.508 (9,12)(12,9) 26.23 26.23
^123& 0.471 (2,4) 6.49 10.51
^123& 20.464 (9,12) 25.45 25.53

found that there are two solutions for the volume fraction
of a twin within the martensite, as f 5 0.2710 and 0.729. Fig. 3—TEM micrograph of NiTi overaged (823 K, 1.5 h) specimen [123]

Once the habit-plane orientations and the transformation showing the precipitates and dislocations (after thermal cycling).
strains are determined, it is possible to establish the transfor-
mation strain as

studied in this work. For the tension cases, the strains and
« 5

1
2

(F T
M ? FM 2 I ) [5] the resolved shear stress factors (RSSFs) are indicated as

positive values, while these quantities are negative for
compression.

5
1
2

(b J m 1 m J b 1 (b ? b)m J m)

III. EXPERIMENTAL PROCEDURES ANDThe detwinning strain (conversion of the small-volume-
DIFFERENTIAL SCANNING CALORIMETRYfraction variant to the large one within the CVP) can be

determined as follows. From Eq. [3], the variant Uj converts The material has been obtained from Specialty Metals
to Ui if f , 0.5, and the deformation after detwinning is (by (New Hartford, NY). The material was nickel rich to produce
setting f 5 0) precipitates upon aging with a nickel composition of 50.375

pct Ni (at. pct). The material was grown into single crystalsF dt
M 5 RhUi [6]

in an inert environment using a Bridgman furnace. It was
If the volume fraction is greater than 0.5, the variant Ui solutionized at 920 8C for 24 hours in a vacuum furnace

converts to Uj and the transformation including detwinning and then quenched. A portion of the specimens were aged
is given by setting f 5 1 (Ref. 1): at 550 8C for 1.5 hours. This aging treatment produced a

precipitate size near 400 nm, based on transmission electronF dt
M 5 RhRijUj 5 Rh ? (Ui 1 a J n) [7]

microscopy studies (Figure 3). Figure 3 represents the ther-
mally cycled [123] specimen, while Figure 4 demonstratesOnce F dt

M is known, the transformation strain (including
CVP formation and detwinning) can be determined in a way the internal twinning in the martensite. The present material

has a lower volume fraction of precipitates compared to oursimilar to Eq. [5], with FM replaced by F dt
M.

The results for CVP strains (in the absence of detwinning) earlier work.[1]

The experiments were conducted under thermal-cyclingand those with detwinning are presented in Figures 2(a)
through (d) for all the orientations of interest. In Figures conditions using dog bone–type specimens. The specimens

were electrodischarge machined from single-crystal ingots2(a) and (b), the results are given for tension, and in Figures
2(c) and (d), the results are provided for the compression to have a 4 mm gage section, 2 mm width, and 1.5 mm

thickness. The experiments were conducted under stress con-case. Two findings are noteworthy: (1) the recoverable
strains in compression after detwinning are less than 60 pct trol, and a miniature extensometer was used to measure

the axial deformation during the experiments. In all theof the tension results, although the maximum CVP formation
strains are similar, and (2) there is considerable orientation experiments, the temperature was cycled between 2110 8C

and 80 8C. The duration of the heating and cooling wasdependence of the recoverable strain results. To gain a better
understanding of the transformation strains, the theoretical approximately 60 minutes per cycle, to minimize transient

effects and thermal gradients. The heating was accomplishedresults are listed in Table II for the five crystal orientations
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Fig. 5—DSC results on the solutionized and overaged specimens of NiTi.

Fig. 4—TEM micrograph of NiTi overaged (823 K, 1.5 h) specimen show-
ing the internally twinned martensite.

with induction heating. Cooling was achieved by copper
tubing which surrounds the specimen and grips and is fed
with liquid nitrogen.

A differential scanning calorimetry (DSC) analysis, us-
ing the Perkin–Elmer Pyris 1 machine, provided values of
Af 5 7 8C, As 5 23 8C, Ms 5 213 8C, and Mf 5 240
8C for the overaged NiTi. For the solutionized case, the
transformation temperatures are lower and were determined
to be Af 5 220 8C, As 5 248 8C, Ms 5 235 8C, and

Fig. 6—Strain-temperature behavior in tension for the [123] orientation
Mf 5 276 8C. The DSC curves are summarized in Figure (823 K, 1.5 h).
5. These values are in qualitative agreement with the temper-
ature-cycling results reported here, accounting for the role
of stress on the transformation temperatures. Figures 6 and 7, respectively. The stress levels are indicated

Several orientations were selected for the experiments to in the figures and are maintained constant in these experi-
produce high and low levels of transformation strains in ments. It was found that the stress level had to be selected
compression and tension cases. The [123], [111], and [011] precisely to produce the maximum recoverable strains. Too-
orientations have high RSSFs in tension, while the [001] high levels of stress in tension induce plastic deformation
and [012] orientations have lower RSSFs. Based on these and fracture, while too-low levels of stress do not produce
RSSFs, the critical stress levels for transformation and the sufficient transformation strains. A “staircase” procedure
transformation strains are expected to differ among the dif- was adopted, where the stress level was gradually increased
ferent orientations. In tension, the softer orientations (higher (in increments of 10 or 25 MPa) from test to test until the
RSSF) exhibit higher transformation strains. Another differ- recoverable strains no longer increased. As much as ten to
ence between the orientations is that a single CVP is acti- 12 stress levels were considered per condition. The stress
vated in the [123] case, while multiple CVPs are activated level that produced the maximum recoverable strains is
for the other orientations (Table II). In compression, the defined as the “critical stress.” A similar procedure was
[111] and [011] orientations are harder, compared to the adopted for the compression cases. In Figure 6, at 210 MPa,
[123] and [001] cases. The [123] orientation represents high the maximum strain level has been reached in tension, while
transformation strains in both tension and compression. the critical stress level is 250 MPa in compression. It is

noted that the experimental recoverable strains in tension
IV. STRAIN-TEMPERATURE RESPONSE OF (near 8.01 pct in the [123] orientation) exceed the theoretical

SOLUTIONIZED AND OVERAGED NiTi martensite (CVP) formation strain (6.49 pct in the [123]
orientation). The experimental strains are below the maxi-The strain-temperature behavior in the [123] orientation

is provided in both the aged and the solutionalized cases in mum theoretical strains after detwinning (10.51 pct in the
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short of the theoretical levels. The amount of detwinning in
compression is rather small (less than 1 pct) compared to in
tension (nearly 5 pct) in NiTi alloys, based on the theoretical
results. The lack of detwinning in compression has been
surmised in previous studies based on the stress-strain
response,[7,8] where an extended plateau region was observed
in tension and not in compression. The present results con-
firm the significant role of detwinning on tension-compres-
sion asymmetry in NiTi.

V. DISCUSSION OF RESULTS

The results provide significant evidence of the ability of
the NiTi alloys to attain high recoverable strains (including
detwinning). Transformation strains (near 9.5 pct) were
obtained for the solutionized NiTi, which correspond to the
combined CVP (twinned martensite) formation and partialFig. 7—Strain temperature behavior for the solutionized case, [123]
detwinning of the CVP. It is expected that the polycrystallineorientation.
forms of these alloys can limit the detwinning process due
to grain boundaries. The suppression of detwinning is also
expected in the presence of peak-aged precipitates with[123] case). The results for the solutionized case are shown

in Figure 7. Similarly, the transformation strains exceed the strong internal stress fields. In the case of overaged crystals,
the internal stresses are relaxed, and the recoverable strainsCVP formation strain in the [123] solutionized tension case.

These results lend further support that partial detwinning of are similar to the solutionized NiTi results (Figures 6 through
8). The small difference is attributed to the inability of themartensite has occurred in both the solutionized and over-

aged specimens. In compression, the experimental recover- precipitates to transform, hence, lowering the volume that
can be transformed to martensite.able strains (3.7 pct in the [123] orientation) are considerably

lower than the martensite (CVP) formation strain (5.45 pct The striking similarity of the overaged and solutionized–
crystal results allows us to conclude that the incoherentin the [123] orientation). The detwinning strain contribution

is negligible in the case of compression. precipitates do not curtail detwinning in the NiTi alloys.
This finding, along with our early observations that theIt is worth noting that the thermal hysteresis (difference

between the austenite finish and martensite start tempera- transformation strains in incoherent precipitated NiTi are
higher compared to the semicoherent precipitated NiTi,[2]tures) is higher for the solutionized case compared to the

overaged case. The maximum thermal hysteresis is 45 8C opens an area of designing NiTi microstructures that are
conducive to high transformation strains. It is carefully notedfor the overaged case and 55 8C for the solutionized case,

based on Figures 6 and 7. The thermal hysteresis increases that the transformation strains reported in the present work
can exceed the levels obtained under isothermal loadings inslightly with increasing stress level. When compression

results are examined for the [123] case, the solutionized and tension, but not in compression (Figure 8). To realize higher
transformation strains in compression, the stress level needsoveraged recoverable strains are similar and the critical stress

levels are 2245 MPa for solutionized NiTi and 2250 MPa to be raised (as opposed to maintaining it constant) to activate
successive variants.for the overaged NiTi. For tension of [123] crystals, the

critical stress levels were 210 MPa for overaged NiTi and The maximum transformation strains corresponded to a
critical stress level which was established systematically in175 MPa for solutionized NiTi.

A summary of all the results is given in Figure 8. Each this study. This critical stress level for the [123] tension
overaged case was 210 MPa. In the present work, the strain-experiment is represented with a data point. The absolute

value of the transformation strains is plotted for compression temperature response for the first cycle is demonstrated.
When cycling continues beyond the first cycle, two possibili-to portray all the results in a compact fashion. In this study,

five different crystal orientations were considered in tension, ties exist. At stress levels below the critical stress, the strain-
temperature curve is stable and the second cycle is a repeatwith a total of 80 experiments. The theoretical detwinning

strains are demonstrated by the highlighted regions. The of the first, and so on. When the tensile stress level is raised
above the critical stress, progressive inelastic deformationdetwinning strains are rather substantial in the [111], [123],

and [011] orientations, with levels larger than 3 pct. The occurs. Consequently, the overall strains do not increase
with further increases in stress.detwinning strain is zero in the [001] direction. In Figure

8, as the tensile stress levels increased, the transformation The present results clearly show that detwinning strains
make a considerable contribution to the recoverable strain ofstrains increased and then reached a plateau level. Only

in the [001] case, even for stresses above 200 MPa, the NiTi shape-memory alloys. Micromechanical models, which
attempt to predict the stress-strain behavior and recovery oftransformation strains are confined to less than 2 pct.

The results in Figures 6 through 8 indicate that the recover- NiTi (either under shape memory or pseudoleasticity), must,
therefore, account for detwinning strains in addition to theable strains in tension are between the CVP formation and

detwinning levels. While in compression, no appreciable martensite formation strains. Most models typically only
account for the martensite formation strains, although thedetwinning increment is expected, based on the observation

that the experimental recoverable strains fall significantly role of detwinning is becoming more recognized.[2,7,8] For
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Fig. 8—Summary of temperature cycling experiments in tension and compression under stress for all orientations studied. The shaded areas indicate,
detwinning contributions (OA-823 K 1.5 hr, SL-solutionized).

example, if detwinning is neglected, the tension-compres- imposed. The present results have the advantage that they
intuitively provide a clearer picture of the transformationsion asymmetry commonly observed in experiments cannot

be fully captured. temperatures and their variations with systematic increases
in stress level. In NiTi alloys, the localized slip in austeniticOverall, the results presented in this work are far from

the idealized strain-temperature material response that has domains, particularly near the precipitates, have been
reported to prevent high levels of transformation strains. Inbeen discussed in the theoretical treatments.[10,11] Some of

the experimental observations include (1) gradual rather than the present experiments, as the stress level is gradually
ramped from one experiment to the next, and at high stressabrupt variations in strain at the transformation temperatures,

especially during the cooling portions of the curves, (2) the levels, inelastic deformation occurs and limits the transfor-
mation strain. The transmission electron microscope resultswider hysteresis in the case of the solutionized vs the over-

aged case, and (3) the strong stress dependence of the trans- shown in Figure 3 confirm the presence of slip activity in
the [123] crystals.formation temperatures for the cooling portions of the

curves, along with a lack of stress dependence for the heat- The orientation dependence of the transformation temper-
atures (under stress) is a result of the relative positions ofing portion of the curves. Patoor[10] and, later, Gall and

Sehitoglu[11] used an interaction matrix to reflect the role the crystal orientations on the stereographic triangle. The
shift in the martensite start temperature in transformingof variant-variant interaction on strain hardening in NiTi

loadings. These models will predict a more gradual transfor- alloys obey the Clausius–Clapeyron equation in the form
mation upon cooling (a nonlinear strain-temperature
response rather than an abrupt transitions). But, no compre- ds

dT
'

DH
T«0

[8]
hensive model exists that can mimic the complex experimen-
tal trends observed in the present work. The narrower
hysteresis is expected in the presence of internal stresses In the previous equation, «0 is the transformation strain

(which is orientation dependent), DH is the enthalpy of thedue to slipped domains. It is surmised that the slipped
domains are more pronounced in the overaged than in the transformation, and T is the equilibrium temperature. This

equation predicts that the phase boundary between the parentsolutionized case.
The present experiments are in qualitative agreement with phase and the martensite is a function of stress, which is

consistent with experimental observations. It is observedthe work of Miyazaki et al.[9] under shape-memory condi-
tions. In the early experiments of Miyazaki[9] (focusing on that the transformation temperatures in compression are

higher by nearly 25 8C compared to those in tension. Thistensile loadings) and the authors,[7,8] deformation occurred
at constant temperature and the shape-memory strains were observation is consistent with the higher ds /dT values (due

to lower «0 levels) in compression relative to tension. Ameasured upon heating to greater than austenite finish tem-
peratures at zero load. In this study, a constant stress is relative shift in the martensite start temperature (nearly 20
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8C) occurs with stress for the tension-solutionized case when VI. CONCLUSIONS
the stress is raised from 150 to 175 MPa. Similar shifts have
been observed in compression, however, with extended tails 1. Theoretical transformation strains encompassing contri-
in the strain-temperature curves. The increase of transforma- butions from martensite formation and detwinning are
tion temperatures with the introduction of aging is related documented for numerous crystal orientations. It is shown
to the lowering of Ni content in solution, as observed in that the role of detwinning under compression is rather
previous studies.[12] A decrease in the Ni concentration has small (less than 1 pct), but is very significant for tension
been known to raise Ms .[12] Thus, a change in the nominal loadings (as high as 5 pct). The detwinning is crystal-
composition of the matrix (the only material which under- orientation-dependent and is highest near the [111] and
goes the martensitic transformation) will affect the transfor- [011] poles of the stereographic triangle.
mation if the Ni loss is significant. 2. The experimental transformation-strain levels in tension

For the cases considered, the area under the strain-temper- consistently exceeded the martensite formation strain for
ature curve (hysteresis) is not constant for different orienta- the [123], [111], [011], and [012] crystal orientations.
tions, stress states (tension and compression), or the two These results confirm that partial detwinning of the mar-
heat treatments. The higher transformation-strain orienta- tensite contributes significantly to the overall recoverable
tions produce higher hysteresis levels. The crystallographic strains. The transformation strains in compression fall
texture will be important for polycrystalline versions of these short of the theoretical levels in both crystal orientations.
alloys, as they are often used in drawn form. Depending 3. The results confirm that the solutionized NiTi exhibits
on the application, a large or a small thermal hysteresis is slightly higher transformation strains compared to the
desirable. For sensor-actuator applications, a large shape overaged NiTi. This small difference is attributed to the

presence of Ti3Ni4 precipitates lowering the volume avail-change corresponding to a small change in temperature or
able for transformation. It is noted that the solutionizedan electric signal is needed. In pipe-coupling applications,
NiTi exhibits lower transformation temperatures com-a higher thermal hysteresis ensures the stability of the joint
pared to overaged NiTi. The shift in transformation tem-to small variations in temperature. Also, in coil springs or
peratures is explained based on the compositionalapplications where maximum damping is needed, solu-
changes in the matrix.tionized NiTi could produce better results than overaged

4. Higher levels of applied stress under temperature cyclingNiTi.
produce higher recoverable strains, but the effect saturatesThe results also explain why it is more difficult to obtain
once a critical stress level is reached. For the soft orienta-a pseudoelastic response for the case of solutionized materi-
tions in tension, the strain levels reach their maximumals.[12] The criteria for pseudoelasticity, according to Liu and
values as the stresses reach 200 MPa. However, for com-Galvin,[13] is written as
pression, the stress levels were higher than 300 MPa to
achieve the highest strains.

sy . 2s0 1 (Af 2 Ms)
ds
dT

[9]
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