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Abstract—Single crystal specimens of NiTil0Cu alloys were subjected to temperature cycling conditions
under constant tensile and compressive stresses and the transformation strains were monitored. The [111]
orientation exhibited the highest experimental transformation strains (6.64%) in tension while the [001] pro-
vides the highest transformation strains in compression (5.34%). These transformation strain levels are sig-
nificantly higher than previously reported values on NiTiCu alloys. The theoretical treatment includes both
the calculation of the CVP (correspondent variant pair) formation strain incorporating the growth of mono-
clinic phase from the most favorably oriented orthorhombic variant, and the concomitant detwinning of the
monoclinic martensite. The experimental transformation strain values are consistently below the theoretical
levels due to two main reasons: the slip deformation in the austenite domains as confirmed with TEM studies,
and the incomplete transformation resulting in a mixture of orthorhombic and monoclinic phases as determ-
ined from diffraction patterns. The experimental transformation strains are higher in tension compared to
compression for most single crystal orientations due to two factors: the additional strain associated with the
detwinning of the B19'phase in the final microstructure (such as in [111] case), and the partial completion
of the second step of the transformation limiting the compression strain2001 Acta Materialia Inc.
Published by Elsevier Science Ltd. All rights reserved.

Keywords: Shape memory; Martensite; Single crystal; Transmission electron microscopy (TEM); Phase trans-
formations

1. INTRODUCTION martensite) and B19(monoclinic martensite) phases

Previous work by the author and his colleague'sr,] the final microstructure, and the inelastic defor-

focussed on compression deformation behavior (5?at|on n austenlte domains I|m|t|ng. .the
NiTiCu alloys [1]. In these early experiments the tem[ecoverabmty [1]. To interrogate the upper limit in
gnsformation strains, a new type of experiment,

erature was maintained at room temperature and tH . .
P P volving thermal cycling under stress holds, has been

strain was progressively increased to as much as 8%.d ken in th dv. Thi f .
Transformation strains (pseudoelastic and sha;%' ertaken in the present study. This type of experi-

memory) were determined as a function of crysta{ne”t allows the_ stuc_zly of transformz_:ltion strai_ns_as
orientation. The results showed that the experiment3idn as 6.64% in this study. Also, in the uniaxial
transformation strains in compression were confined’@iNing cases the two steps of the transformation
to 4% in most single crystal orientations. This valud/ére not apparent, while in the present study it can
is significantly lower than the theoretically possibld®® Viewed more clearly through the changes in the
values of transformation strain. The NiTil0Cu alloyslope of the strain—temperature curves.

undergo a two step transformation strain compared to_'r) previously published results in the Ilterature_ on
the NiTi alloys. The lower values of transformationNiTi10Cu polycrystals [2-4], the thermal cycling
strain were attributed to incomplete transformatio§XPeriments have been conducted under tension load-

resulting in a mixture of B19 (orthorhombicing conditions only. In the current work, by studying
the deformation under both the tensile and compress-

ive stress holds, it was possible to obtain definitively
1t To whom all correspondence should be addressed. Teq’.]:e transformatlon_ stralns_ under both condltlc_)ns.
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compared to the 3.5% strain reported on polycrystals
[2-4] by other researchers. The magnitude of the
transformation strains measured under constant stress
conditions are near the theoretical values in some of
the orientations (such as [111] and [001]) and stress
directions but lower than the theoretical values in
others due to slip deformation. Theoretical transform-
ation strain calculations for both stages of the trans-
formation and the detwinning strain for the B19’
structure are included for comparison and interpret-
ation of experimental results. The theoretica trans-
formation strain corresponds to the formation of a
CVP (correspondent variant pair) which is an ensem-
ble of two twin related martensite variants. The
detwinning refers to the growth of one of the variants
within a CVP with respect to the other. Upon com-
plete detwinning, a single crystal of martensite is cre-
ated.

Despite the potential interest in the NiTilOCu
aloys, there has been significantly less work reported
compared to the extensive literature on binary NiTi
aloys. These aloys undergo a single transformation
step (cubic to monoclinic) for Cu contents less than
8%. For Cu contents near 10% the two stage trans-
formation has been observed [3, 4]. For Cu contents
exceeding 10% a single step transformation (cubic to
orthorhombic) prevails. Some of the advantages of
these alloys include a nearly constant M, temperature
with slight compositional changes, and pseudoel astic
response at room temperature without the need for
the aging treatment. It is believed that the Cu in solid
solution in the form of clusters raise Mg temperature
to levels near —30°C. Saburi and colleagues [2] have
conducted temperature cycling experiments on
NiTiCu under constant tensile stress and established
the transformation strain and the habit plane direction.
Because the transformation direction unit vector was
unknown it was not possible to establish RSSF
(resolved shear stress factors) and the corresponding
transformation strains. Moberly [4] aso subjected
NiTi10Cu wires to therma cycling under constant
tensile stress in the range 50 to 100 MPa and noted
the two-stage transformation behavior characteristic
of this system. Moberly [4] observed that the first
transformation associated with cubic to orthorhombic
phase steers the second step of the transformation.
This is different than the case of a single step cubic
to monoclinic martensite formation typical of binary
NiTi aloys. As mentioned earlier, the transformation
strain obtained by these two groups of researchers has
been limited to 3.5%.

Chumlyakov and colleagues [5] were the first to
explore the behavior of single crystals of NiTi10Cu
in [001], [011] and [111] orientations. By examining
the stress—strain behavior, they reported strong orien-
tation dependent behavior in these aloys as well as
asymmetry between tension and compression. They
found smaller transformation strain in compression
compared to tension. They attempted to determine the
transformation temperatures associated with each
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phase of the transformation based on resistivity
measurements but were unable to resolve precisely all
the transformation temperatures.

In summary, the present study has been designed
to revea the transformation strains in selected single
crystal orientations of NiTilOCu. Two orientations
chosen, [122] and [012], represent the highest trans-
formation strain theoretically possible in tension and
compression respectively. As shown later, these
orientations may not attain the maximum transform-
ation strain due to supression of transformation via
dislocation generation. The other three orientations
studied, [001], [011] and [111], were selected to com-
pare experiment with theory and to impart higher dlip
resistances compared with the [122] and [012] cases.
To shed further light into the results, incremental
straining experiments in tension are reported for the
[122] and [111] directions to understand the role of
dlip and fracture processes, respectively.

The current study also presents a complete theoreti-
cal solution of the two step (cubic to orthorhombic
to monoclinic) transformation for both tension and
compression cases. The growth of monoclinic mar-
tensite from the most favorably oriented orthorhom-
bic variant was calculated. The role of detwinning on
the transformation strains are also identified for both
the single step and the two step transformation. The
reason for higher transformation strains in tension
compared to compression is partialy attributed to the
detwinning effect. When the detwinning is included
the theoretical transformation strain levels attain
values as high as 9.39% (in [122] case). This infor-
mation has not been presented in previous studies and
points out the potential of NiTiCu aloys for high
transformation strain applications.

2. MATERIAL, EXPERIMENTAL RESULTS AND
MICROSTRUCTURE

The material has been obtained from Speciaty
Metals, New Hartford, NY. It was cast to a specific
chemical composition with atomic percentages as
49.5Ti, 9.1Cu and 41.4Ni. The materia was then
grown into single crystals in an inert environment
using a Bridgman furnace. It was solutionized at
920°C for 24 hours in a vacuum furnace and then
furnace cooled. In early work [1], with close examin-
ation of the TEM results, we noted the presence of
Cu clusters in solution.

The specimens were tested under thermal cycling
using dog bone specimens. The experiments were
conducted under stress control and a miniature exten-
someter was used to measure the axial deformation
during the experiments. In all the experiments the
temperature was cycled between —120°C and 120°C.
The duration of heating and cooling was approxi-
mately 60 minutes per cycle to minimize transient
effects and therma gradients. Five crystallographic
orientations were examined: [001], [011], [111],
[012] and [122]. A DSC (Differential Scanning
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Calorimetry) analysis provided A;=31°C and M; =
—20°C. These values are in qualitative agreement
with the temperature cycling results reported here-
upon accounting for the role of stress on the trans-
formation temperatures.

TEM investigations expedite the understanding of
the microstructure and the mechanisms that lead the
experimental observations explained above. Since the
favorable slip system in binary NiTi alloysisfound to
be <011>{100} or <001>{100} [8], the dislocation
generation is harder to activate than the activation of
martensitic transformation in the [001] orientation.
Figure 1 indicates a dislocation free matrix after ther-
mal cycling under compression with a monoclinic
martensite variant supporting this conclusion. The
figure clarifies why the [001] orientation does not
experience significant ratcheting, and demonstrates
near theoretical recoverable strain (5.4%), for
instance, under 100 MPa compressive stress.

The two stages of deformation in the [111] orien-
tation under tensile loads is attributed to the separable
B2—B19 and B19—B19’ transformations. TEM
observations support this conclusion as demonstrated
in Fig. 2(a) from the [111] sample thermally cycled
under 100 MPa tensile load. The figure shows a
lamellar structure of the transformation products and
the B2 matrix. Based on the diffraction pattern evalu-
ation, it has been concluded that the lamellar features
in this figure are monoclinic martensite variants. In
the corresponding diffraction pattern, Fig. 2(b),
reflections from the orthorhombic B19 martensite and
one monoclinic B19" martensite variant have been
indexed, and marked “0” and “m”, respectively. For
the sake of clarity, the indices of the second mono-
clinic variant have been omitted. This variant is seen

100 nm

Fig. 1. A representative bright field image of the [001] orien-

tation under 100 MPa compressive load, thermally cycled

between —100°C and 100°C exhibiting a dislocation free
matrix with a monoclinic martensite variant.
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(b)

Fig. 2. (a) Bright field image of the [111] orientation thermally

cycled in between —100°C and 100°C under 100 MPa tensile

load. (b) Corresponding selected area diffraction pattern indi-

cating the presence of orthorhombic B19 martensite and two

variants of monoclinic B19' martensite. See main text for
details.

along the [010] zone axis and gives rise for many of
the weaker reflections. The different types of marten-
site are best distinguished if the sample is tilted such
that diffraction patterns from the <001> zone axis
are obtained [4]. Given the limited tilt angle available
in the TEM, this was not possible for the [111] ori-
ented sample. For foil orientations different than
<001> the diffraction patterns are rather similar.
Note that the angle, o, in Fig. 2(b) is 87° and 89°
for the orthorhombic and the monoclinic martensite,
respectively. Thus, diffraction patterns were evalu-
ated in the present study based on the computer simu-
lations that employed angles, distances and relative
intensities of the reflections.

The small ratcheting between cycles in the [111]
orientation is a result of small dislocation activity in
the B2 phase. However, the dlip activity is so small
that this does not have a significant effect on the
recoverable strain (to be discussed later under Fig.
8), and also the detwinning contributes to the overall
transformation strain in this case. On the other hand,
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(b) haa]

(a)

Fig. 3. (8) A TEM image of the [122] orientation thermally cycled between —100°C and 100°C under 90 MPa

tensile load. The martensite variant lies diagonally in this photograph with interna twinning. (b) Another

monoclinic martensite lamellae from a different region with a significant dislocation density. The martensite

and austenite regions are dark and light regions, respectively. The dislocation activity in both (&) and (b) is
the foremost reason for the ratcheting and notable irrecoverability in this orientation.

the [122] orientation under tensile load holds demon-
strate significant irrecoverable strains and ratcheting
during thermal cycling between —100°C and 100°C
(Fig. 9). A typical microstructure of the [122] case is
shown in Fig. 3(a). The high dislocation activity in
the lamellae as shown in Figs 3(a) and (b) (from
another area with higher magnification and different
diffraction conditions) is thought to be the origin of
the ratcheting and the irrecoverability as the interac-
tion between dislocations and the martensite hinders
the back transformation of the product phase.

3. CALCULATION OF THEORETICAL
TRANSFORMATION STRAINS

To understand the theoretical results, it is informa-
tive to study the schematic shown in Fig. 4. The aus-
tenitic (parent) phase is cubic and is denoted as B2

a

Twinned
Martensite,
B19

o—w
B2 &
0.3024 * 9

1 o e

- P . o -~

g

and the monoclinic martensite is denoted as B19'.
The intermediate phase, B19, is orthorhombic marten-
site. The growth of B19" from the orthorhombic B19
phase is illustrated in this figure. The habit plane
between the B2 and B19 phases is denoted as m and
the transformation direction is denoted as b. Note that
b is not a unit vector and includes the transformation
magnitude. The B19 martensite is essentially twin-
less. The B19' has an internally twinned structure,
caled the correspondent variant pair (CVP), with the
volume fraction of twins denoted as f and 1—f
respectively. The correspondent variant pair (CVP)
refers to the ensemble of two twin related martensite
variants. The twin plane within the B19’ is denoted
as n and the twinning shear direction is given as a.
The habit plane and the transformation direction for
the B19" are denoted as m and b, respectively. As
the transformation proceeds, both the B19 and B19’

\

ORTHOROMBIC

‘l}—()—.

4 0.4265nm
-

MONOCLINIC

Fig. 4. A schematic showing the transformation planes and directions associated with successive step transform-
aion in NiTil0Cu aloys under tensile loadings. The lattice constants for the three crystal structures are
included.



SEHITOGLU et al.: SHAPE MEMORY SINGLE CRYSTALS

domains grow in expense of the parent phase B2. At
the conclusion of the transformation B19' prevails
over the microstructure but residual B19 phase has
also been observed. The detwinning of the B19’
occurs with further cooling (or under stress) where
the smaller twin volume fraction is absorbed by the
major twin volume fraction within the CVP. As a
result the B19' phase becomes a single crystal. In
order to determine the transformation strains associa-
ted with each step of the transformation all the trans-
formation planes and directions need to be evaluated.
Finaly, to establish the detwinning strain one needs
to know the twin volume fractions and the twin plane
and direction.

We note in Fig. 4, in addition to the transformation
parameters, the crystal structures and their lattice con-
stants are also provided. The schematic of these crys-
tal structures are viewed from the [001] cubic direc-
tion. During transformation from cubic to
orthorhombic the lattice is compressed and extended
in two respective directions, followed by shear and
expansion during orthorhombic to monoclinic tran-
sition. The arrows attached to the drawings indicate
the deformations associated with the transformations.

Initially, we study the first step of the transform-
ation. The lattice correspondences for the transform-
ation from cubic to orthorhombic are [0 0 1]~
[1 00l [110]c=[0 1 0],, [1 1 0lc—[0 0 1], [2].
There are six independent | attice correspondence vari-
ants for the B19 martensite. The lattice constants for
the orthorhombic phase were obtained from Ref. 4.
For the 10% Cu dloy, these parameters are [4]:
a=0.2898 nm, b =0.4265 nm, ¢ = 0.4514 nm. The
cubic phase has the lattice constant a, = 0.302 nm.
The habit plane normal and the transformation direc-
tion for the B2—B19 transformation are determined
based on Energy Minimization Theory [6, 7]. The
habit plane normal is m ={0.6403,0.5423,0.5439}
and the transformation direction is b=
<0.0648,0.0499,0.0500>. The solutions for the twin
volume fractions are f = 0.9753 and 0.0247 rendering
the orthorhombic phase essentialy twinless.

The corresponding transformation strain is given as

€= %(FBT,,-FMfI) = 1[b®m + m®b + (b-b)ym&m]

2
@

where F, is the deformation gradient matrix. In equ-
ation (1) the third term represents contribution from
finite deformation effects. Given the strain tensor in
equation (1), the elongation along a prescribed load-
ing direction denoted by e can be determined as fol-
lows

E,=e-€e-e 2

The transformation strain contours corresponding
to the cubic to orthorhombic transformation are
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included as the first column in Figs 5(a) and (b) for
tension and compression respectively.

In the second step of the transformation,
B19—B19’, the growth of the monoclinic martensite
(B19") within the orthorhombic martensite (B19) was
analyzed. The lattice parameters of the B19' marten-
site are obtained from Moberly et al. [4] (a=2.88
A,b=4226 A, c=456 A and 8 = 96.6°) The twin
plane is determined as n ={0.7171,0,0.6970} for
Type I1-1 twinning. Corresponding to these twinning
planes, the twinning shear directions are calculated
as a = <0.0089,0.2239,0.0083>. The habit plane and
the transformation direction for the second step of the
transformation can not be classified into a single fam-
ily. The resultant twin volume fractions, f, differ
depending on the active orthorhombic variants pro-
ducing different final monoclinic variants. For each
possible solution of the twin volume fraction there is
a corresponding habit plane normal and transform-
ation vector. The transformation strain for this step is
given similar to equation (1), but b and m are used
which represent the deformation of the active orthor-
hombic martensite. We obtain

e = SIFFu " (FRy 1) @

= %[b@m + m®b + (b-b)mem]

where F is the deformation gradient associated with
the orthorhombic to monoclinic transformation. The
results for the orthorhombic to monoclinic martensite
in tension and compression are shown on the right
hand side of Figs 5(a) and (b), respectively. It is noted
that the magnitude and the orientation dependence of
maximum transformation strain differ between the
tension and compression cases. We note that in the
case of tension Fig. 5(a) the first step of the trans-
formation dominates. In the second step of the trans-
formation for tension some of the orientations in the
lower portion of the triangle exhibit negative values.
This means that the second step of the transformation
can not occur in these orientations and should be
taken as zero. For the case of compression (Fig. 5(b)),
the transformation strains are indicated with negative
numbers. Contrary to the tension case, the transform-
ation strains in compression are higher for the second
step of the transformation.

Now, we consider the transformation from cubic to
monoclinic in a single step. Using the same lattice
parameters of cubic and monoclinic phases as above,
we obtain the same twin plane and twin shear sol-
utions for the single step transformation as the two
step transformation. Contrary to the two step case,
unique solutions for f are obtained. Corresponding
to an f of 01315 for Type II-1 twins, we
obtain  m ={0.9002,0.3404,0.2716} and b=
<0.0614,0.0838,0.1015>. Corresponding to the
solution of f=0.8685 the theory vyields
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(a)

B2to B19

011

(b) 111

B2toB19

001 011
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B19to B19’

B19to B19

Fig. 5. (a) Strains associated with B2—B19 and B19—B19’ transformation (tension). (b) Strains associated
with the two step (B2—B19 and B19—B19’) transformation (compression).

m = {0.3564,0.5997,0.7165} and b=
<0.1350,0.0433,0.0320>. The magnitude of shear
|b| in both cases is 0.1451. The results for the trans-
formation strains (CVP formation) for the single step
transformation are given in Fig. 6. Both tension and
compression results are included in Fig. 6. The results
for the tension case show maximum transformation
strains of 7.83% near [122], while in compression,

B2 to B19’

Tension

the maximum transformation strains (6.37%) are near
the [012].

In Figs 5 and 6 the transformation strains shown
are for the formation of correspondent variant pairs
(CVPsfor Typell-1twins). It is possible to determine
the detwinning contribution to the transformation
strain. The detwinning strain (conversion of the small
volume fraction variant to the large one within the

B2 to B19’

Compression

Fig. 6. Strains associated with B2—B19’ transformation (single step transformation).
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Table 1. Transformation strains under tension (in percent)

Two step transformation

Single step
transformation

B19’" detwinning

B2—B19 B19—-B19’ B2—B19' cubic— Single step Two steps
cubic—orthorhombic  orthorhombic—monoclinic monoclinic
[117] 2.55 3.49 7.05 8.67 8.33
[001] 2.78 0.70 2.98 2.98 3.49
[122] 4.64 2.60 7.83 9.39 8.71
[012] 5.01 0.41 5.32 6.19 6.32
[011] 557 0.44 5.87 7.00 7.14

CVP) can be determined as follows. The average
deformation gradient matrix of a twinned martensite
is written as,

Fm = Rh[fRijUj + (1-HU)l 4)

where U; and U; are the symmetric part of the defor-
mation gradient matrices of the two variants in the
twin, and R,, is the relative rotation between the
twinned martensite and the parent phase.

The variant and U; is converted to U, if the volume
fraction f<0.5. The deformation after detwinning is
(by setting f = 0) obtained as

F = R, (5)

If the volume fraction f is greater than 0.5, variant
U; converts to U; and the transformation including
detwinning is given by setting f = 1 as,

Fii = RiRjU; = Ry-(U; + a®n). (6)

Once F{ is known, the transformation strain
(including CVP formation and detwinning) can be
determined similar to equation (2) with Fy replaced
by Fg.

The transformation strains in tension and com-
pression for the five orientations studied in this work
are summarized in Tables 1 and 2, respectively. In
addition to the strains associated with the correspon-
dent variant pair (CVP) formation, the strain associa-
ted with detwinning of the monocline martensite
obtained viasingle step and via two steps are included
in Tables 1 and 2. We note that the detwinning strains

in tension exceed 2%in the [111] and [122] orien-
tations for the two step case while they are nearly
zero in compression cases. We also note that in the
case of two step transformations the transformation
strains differ from the single step case. This differ-
ence exists both for CVP formation and for the
accompanying detwinning strains. The difference in
detwinning amounts between the single and the two
step transformation is expected based on the trans-
formation parameters of the resultant martensites and
their respective twin volume fractions.

The dip system in the austenite (B2 phase) has
been identified as { 100} <001> and { 100} <011> by
Chumlyakov and colleagues [8] from burgers vector
measurements. The Schmid factor contours associated
with these systems are given in Fig. 7(a). These fig-
ures clearly identify the [001] direction as having a
zero Schmid factor ruling out plastic deformation in
this orientation. We note that the Schmid factors in
other orientations permit different degrees of dislo-
cation glide.

4. EXPERIMENTAL RESULTS—STRAIN-
TEMPERATURE RESPONSES

To illustrate the experimental results under tem-
perature cycling conditions, we consider the sche-
matic shown in Fig. 7(b). In the case of a constant
value of applied stress, the strains increase upon coo-
ling and the first step of the transformation com-
mences at a temperature designated as MI. The
superscripts 1 and 2 refer to Steps 1 and 2 respect-
ively. Upon further cooling (and depending on the
orientation and the stress level), a second stage of the
transformation appears and this transformation pro-

Table 2. Transformation strains under compression (in percent)

Two step transformation

Single step
transformation

B19’" detwinning

B2—B19 B19—-B19’ B2—B19' cubic— Single step Two steps
cubic—orthorhombic  orthorhombic—monoclinic monoclinic
[117] -1.38 -1.18 —-2.34 —2.36 —2.56
[011] -4.15 -1.25 —4.68 —4.68 -54
[122] -161 —2.60 —4.08 —4.09 -421
[012] —2.89 —3.67 -6.37 —6.37 —6.56
[011] -0.85 —4.33 —4.91 —4.91 —5.18
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{100}<011>

0.16 N 0-22 \_0.28_ .31

0.13 N\ 019N\ 0.25 N

001

Detwinning

Step 2 B19->B19”

Strain

Step 1
B2->B19

MONOCLINIC
. ]

Transformation
Strain

. Inelastic
Strain

ORTHORHOMBIC

. L

CUBIC

2
Mf A2

1
M} A§Af

Temperature

Fig. 7. () Schmid factors associated with { 100} <001> and {100} <011> slip systems in NiTiCu aloys. (b)
A schematic showing successive step transformation and detwinning in NiTi10Cu aloys under tensile loadings.

10

Strain (%)

4 NiTiCu
[111] Orientation
Strain vs. Temperature
-6~ ;

Detwin;xin—g """""""""""
229

~120 -80

T T I T I T I

80 120

Temperature (°C)

Fig. 8. Transformation strain—temperature variation under thermal cycling for the [111] tension case with stress
levels in the range 50-150 MPa. Note that if the detwinning strain is included the theoretical transformation
strains reach 8.33% in tension.

ceeds until the martensite finish temperature M? is
reached. The detwinning of the monoclinic martensite
contributes further to the transformation strains. Upon
heating, the transformation occurs in the reverse
order, starting at A2, firstly as monoclinic to ortho-
rhombic transformation followed by the orthorhombic
to cubic transformation. The transformation to austen-

ite is completed at A}. The overall transformation
strain is the sum of the transformation associated with
both steps of the transformation and the detwinning
strain. Depending on the applied stress level, dip
deformation develops during temperature cycling pro-
ducing inelastic (irrecoverable) strains. It is important
to subtract this portion of the strain from the overall
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Fig. 9. The strain—temperature response for the [122] orientation.

measured strain to determine the transformation
strain. The results for compression are similar to those
shown in Fig. 7(b) but the strain scale is reversed,
and the detwinning strain is negligible. The actual
experimental results may not follow the strain-tem-
perature path displayed in Fig. 7(b) because the two
steps of the transformation and the detwinning can
not be separated or in some cases the second step has
not been observed al together.

Wefirst consider the transformation strain variation
with temperature cycling for the [111] case under ten-
sile stress levels of 50, 75, 100 and 150 MPa. This
is shown in the upper portion of Fig. 8. The results
correspond to the saturated strain—temperature
response obtained after two to three cycles. In the
lower portion of Fig. 8, compressive stress results for
100 MPa are shown. The theoretical transformation
strains associated with the first step (cubic to
orthorhombic), the second step (orthorhombic to
monoclinic) of the transformation and the detwinning
of the monoclinic phase are indicated with dashed
horizontal lines. These values are 2.55%, 3.49% and
2.29% for tension respectively. For the case of 150
MPa, the experimental transformation strain is as high
as 6.64%. Since this value exceeds the transformation
strain of 6.04% based on the CVP formation, it is
apparent that partial detwinning of the martensite has
occurred and the experimental results approach the
theoretical limit of 8.33% (see Table 1). If the stress
levels exceed 150 MPa the transformation strains do
not increase further. In the 50 MPa case the two
stages of transformation are not as noticeable and it
appears that only the first stage of the transformation
occurred. As the stress level is progressively
increased the transformation strains reached upon
cooling also increased. The 75 MPa and 100 MPa
cases reside between the 50 MPa and 150 MPa
extremes. We note that under compression (Fig. 8)
the direction of the transformation is reversed and the
transformation strains are much lower compared to

tension. In compression, upon cooling the gage sec-
tion of the specimen contracts and upon heating the
transformation strains produce expansion. The two
stage transformation is not visible in this case and
the transformation strains are limited to 2.5%. The
experimental transformation strains in compression
observed in Fig. 8 are consistent with theoretical pre-
dictions shown in Table 2. We note that in addition
to the transformation strains the presentation such as
Fig. 8 provides a direct evidence on the role of stress
on transformation temperatures.

Several experiments were conducted under thermal
cycling with zero stress (not reported here). In these
cases, the measured strains were less than 0.2%.
Because of the self accomodating nature of the mar-
tensite variants, the measured strain of 0.2% reflects
the small change in volume that occurs upon austenite
to martensite transformation. Thermal cycling under
stress alows the growth of selected variants in
expense of others producing higher transformation
strains.

The results of experiments on the [122] orientation
are given in Figs 9 and 10. In the first set of experi-
ments (Fig. 9) on the [122] orientation, the tensile
stress level of 100 MPa produced considerable inelas-
tic deformation. We note that the maximum strain in
this case extends to levels in excess of 10% but the
recoverable portion of the transformation strain is
limited to 4.35%. This value is obtained upon sub-
tracting the minimum strain reached in Cycle #1
(4.60%) from the maximum strain reached in the
same cycle (8.95%). This is a lower recoverable
transformation strain compared to the 6.5% estab-
lished for the [111] case, and is lower than the theor-
etical values (7.83% for single step, and 7.24% for
two step CVP formation strains) from Table 1. Also,
the inelastic strain accumulates progressively with
increasing number of cycles (Cycles 1 and 3 marked
in Fig. 9). When inelastic deformation occurs during
the thermal cycling it is difficult to partition the two
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Fig. 10. Transformation strain-temperature variation under thermal cycling with atensile hold of 50 MPa[122]
case. The 1.47% increment corresponds to detwinning strain.

steps of the transformation. In the experiments, the
stress level was progressively decreased from 100
MPa to 50 MPa to limit the inelastic strain. The
strain—temperature variation under 50 MPa tension is
shown in Fig. 10. The theoretical results are shown
with first and second step of the transformation as
well as the detwinning strain. The transformation
strain levels in this case are 4.58%. The data from all
four cycles is included to demonstrate the small
amount of ratchetting that has occurred from Cycles
#1 to #4. It is interesting to note that if the [111] and
[122] results were compared solely based on the 50
MPa tension cases, the maximum transformation
strain levels are higher in the [122] case compared to
the [111] case, whereas the opposite is true for higher
applied tensile stresses.

We now consider the [012] and [001] cases. The
results for the [012] case are provided in Fig. 11. The
experimental transformation strains in tension in this

crystal orientation is 5.6%. This level is higher than
the transformation strain for CVP formation but lower
than the transformation strain of 6.3% including
detwinning effects (Table 2). The results of experi-
mental transformation strains (nearly 3.86%) in com-
pression are also shown in Fig. 11 and this value falls
short of the theoretical estimates near 6.5%. The
strain—temperature response for the case of [00]
directionisgiveninFig. 12. The case of [001] tension
produces small transformation strains (1.32%), and in
the case of [001] compression the experimenta trans-
formation strain is 5.34%. The transformation strains
in compression are comparable to the theoretical pre-
dictions (5.4%). In both cases the strains do not exhi-
bit a clear two stage transformation partially because
the first step of the transformation dominates the
transformation strain.

Finally, we consider the [011] case in Fig. 13. The
[011] orientation tensile stress hold case provides

5.01

Strain %
(=]
1

NiTiCu
[012] Orientation
Strain vs. Temperature |

125 MPa Tension Hold

125 MPa Compression Hold

-20

Temperature °C

120 140

Fig. 11. Transformation strain—temperature variation for [012] under thermal cycling.
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Fig. 12. Transformation strain—temperature variation for [001] under therma cycling with a tensile hold of
100 MPa, and a compressive hold of —100 MPa.
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Fig. 13. Transformation strain—temperature variation for [011] under thermal cycling with a tensile hold of
100 MPa and a compressive hold of —100 MPa.

transformation strains at 5.76%. Small amount of rat-
chetting has occurred in tension and the experimental
results are comparable to the theoretical calculations.
The transformation strains in compression (2.7%) are
significantly smaller than the theoretical values
(5.18%).

To gain insight into the critical stress for transform-
ation and the onset of slip deformation, the tensile
stress—strain response of [122] and [111] crystals are
shown in Figs 14 and 15. In these experiments, the
applied strain is progressively increased, and after
each cycle the specimen is heated to 100°C to recover
the strain at zero stress. Both pseudoelastic strain and
shape memory strain were measured and the trans-
formation (recoverable) strain is the sum of these two

strain components. The transformation strain is shown
on the y-axis on the right hand side. They are 2.86%
and 2.63% for [122] and [111] cases respectively.
Two observations are noteworthy on Figs 14 and 15.
The critical transformation stress for the [122] case
is significantly lower than the [111] case. A lower
transformation stress is a prerequisite for high trans-
formation strains as long as dlip deformation is cur-
tailed. As noted in Figs 14 and 15, dip deformation
occurs at much lower stress levels for the [122] orien-
tation (second plateau) compared to the [111] case.
The transformation strains in the [111] case have not
reached their plateau level because fracture of the
specimen occurred in the sixth cycle. We further note
that the transformation strains in temperature cycling



3632

SEHITOGLU et al.: SHAPE MEMORY SINGLE CRYSTALS

800 —1:

NiTi10Cu
[122]- Tension

600 - ® Recoverable Strain

400 —

Stress (MPa)
°

2004

(%) ureng 9[qeIdA0Y

Strain (%)

Fig. 14. Stress-strain response in tension under incremental straining for [122] orientation. The data points are
the sum of shape memory strains obtained by heating the specimens to 100°C at zero stress and pseudoel astic
strains.
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Fig. 15. Stress-strain response in tension under incremental straining for [111] orientation. The data points are
the sum of shape memory strains obtained by heating the specimens to 100°C at zero stress and pseudoelastic
strains.

experiments (Figs 8 and 9) far exceed those obtained
under incremental straining experiments at constant
temperature (Figs 14 and 15).

5. DISCUSSION OF RESULTS

The results provide significant evidence on the
ability of the NiTiCu aloys to attain high transform-
ation strains. Previous works [2—4] utilizing polycrys-
tals have shown that the transformation strains are
near 3.5%. In this study, much higher transformation
strains (6.64%) were obtained which were compara-
ble to those measured in the binary NiTi aloys [6].
We note that the polycrystalline forms of these alloys

are highly textured with [111] texture and hence their
behavior is similar to the [111] crystallographic direc-
tion. If the polycrystalline forms are textured with the
preferred [001] orientation, these materials would be
suited for applications involving primarily com-
pression loadings. We further note that the results
shed light into why the transformation strain in
NiTiCu alloys are lower than aged NiTi aloys [6].
There are three main differences; the lattice constants
are different resulting in a different transformation
shear, the two stage transformation occurs in NiT-
i10Cu compared to single step transformation in NiTi,
and the dlip resistance of NiTi is higher because of
the presence of impenetrable nickel rich precipitates
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[6]. Potential heat treatments in NiTiCu could induce
precipitates which could raise the dip resistance and
increase the transformation strains.

The experimental transformation strain values in
tension exceeded the levels in compression in most
orientations. Two main reasons are forwarded to
explain this difference. Firstly, based on theoretical
calculations, the detwinning of the B19' (monoclinic
martensite) adds as much as 2.3% strain to the CVP
formation strain under tensile loadings but has no
effect in compression loadings. From Table 1, the
detwinning strain is highest in the [111] direction. We
note that the detwinning strain contribution in com-
pression is nearly zero in the NiTiCu aloy studied
(see Table 2). These results are markedly different
than binary NiTi predictions [6] where detwinning
strains in tension and compression are higher than the
NiTiCu vaues. Secondly, the lower experimenta
strains in compression is attributed to incomplete
transformation. The ‘incomplete transformation’
would affect the compression results more signifi-
cantly than the tension case. This is because the major
contribution towards the transformation strain in com-
pression should occur during the second step. If this
step is incomplete, the transformation strains are
either confined to their first step values or lie between
the first and the second step levels. The TEM obser-
vations (Fig. 2) confirm the existence of the two
phase martensite lending credibility to the ‘incom-
plete transformation hypothesis'.

The calculations for transformation strains are dif-
ferent than previous treatments in the following ways
[6, 7]. The transformation strains are determined in a
stepwise fashion where the orthorhombic phase
influences the monoclinic phase formed at the con-
clusion of the transformation. The deformation gradi-
ent associated with the initial phase of the transform-
ation enters the calculations as an initial strain in the
matrixX. For comparison purposes cal culations are pro-
vided for single step transformation, two step trans-
formation and the detwinning of the B19’ phase in
both cases. A complete set of results are provided in
Tables 1 and 2 that could be applied to alloys with
Cu content less than 10% when a single step trans-
formation was observed, and also to Cu contents
exceeding 10% where only cubic to orthorhombic
transformation has been shown to occur [5]. The
theoretical results explain why the transformation
strains for materials with high Cu contents decrease
progressively when only cubic to orthorhombic trans-
formation prevails.

We note that the inelastic flow during thermal cyc-
ling produces permanent deformation in the same
direction as the applied stress. In other words, under
tensile loadings the inelastic strain and the ratchetting
strains are in the tensile directions, and the opposite
is true for compression. To illustrate this behavior,
we examined the strain temperature response of [122]
orientation under a tensile stress of 100 MPa (Fig.
9). Upon heating from low temperatures to 100°C the
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material undergoes plastic flow and the resulting
inelastic strain is tensile and exceeds 4%. When the
cycling is continued the inelastic strain increment pro-
gressively accumulates. It is clear that the stress level
needs to be reduced to limit inelastic flow in this
orientation. Upon reducing the stress level to 50 MPa
(Fig. 10), the ratchetting strain was reduced consider-
ably. The dip deformation of the austenite phase
occurs with the {100} <100> and {100}<011>
dominant slip systems as established by Chumlyakov
et al. [8]. Based on these dlip systems the [001] orien-
tation is least likely to undergo slip deformation. This
opens the possibility of utilizing [001] texture to min-
imize ratchetting under cyclic loading. In fact, the
highest transformation strains in compression were
obtained in [001] orientation with 5.34% transform-
ation strains.

It is worth comparing the current results with those
reported previously on NiTiCu under compressive
straining conditions by the authors [1]. In the previous
study, the transformation strains in the compression
case were limited to 4.1% in the [001] direction. The
4.1% transformation strain was the highest among all
possible orientations in the previous work. In this
work transformation strains in compression stress
holds were 5.34%. We note that the use of thermal
cycling experiments permits higher transformation
strains to be measured compared to straining in ten-
sion. Tensile straining conditions produce stresses
exceeding the constant stress levels utilized in this
study and hence fracture of the samples could occur
before higher strains are reached. To illustrate this
point, we included the incremental straining in ten-
sion in the [111] direction (Fig. 15) where the strain
in each cycle is progressively increased. But when the
stress levels exceeded 250 MPa at strains near 6%,
fracture followed and the transformation strain was
limited to 2.63%.

6. CONCLUSIONS

1. The experimental transformation strains are higher
in tension compared to compression for most sin-
gle crystal orientations. The higher values of trans-
formation strain in tension were attributed to two
factors: the additional strain associated with
detwinning of the B19' phase in the finad micro-
structure (such as in [111] case), and the larger
transformation strain in the first step of the trans-
formation in tension. The partial completion of the
second step of the transformation limits the com-
pression transformation strains to lower levels.

2. The transformation strain in NiTiCu alloysis lim-
ited by the activation of slip. The lack of precipi-
tates lowers the dip resistance compared to aged
NiTi aloys. Consequently, the formation of inelas-
tic strain during thermal cycling bounds the trans-
formation strain. The inelastic strain occurs when
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the applied stress exceeds the critical transform-
aion stress. Further heat treatments are expected
to increase the flow resistance of austenite
domains and alow the experimental transform-
aion strains to approach the theoretical values.

3. The data obtained on the [111] tension and [001]
compression cases opens the possibility to design
materials with outstanding transformation strain
capabilities. The lack of dip propensity in these
orientations was confirmed with TEM studies, and
the experimental transformation strains in both
cases (6.64% and 5.34%, respectively) approached
the theoretical values of 8.33% and 5.4%, respect-
ively.
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