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We present experimental and theoretical evidence of thermoelastic martensites in Fe29Ni18Co4Ti
alloys. In this class of alloys, the high strength in the austenite domains limits the slip deformation
as verified with transmission electron microscopy. The restriction of slip permits a higher degree of
recoverability of the transformation. Using both single crystals with [123] orientation and polycrystals,
the appearance of martensite plates upon deformation, and their reversion back to austenite upon
heating (the shape memory effect), is revealed with in-situ optical microscopy. Theoretical results
for the transformation strains and the detwinning of martensite are presented, which demonstrate
convincingly the potential of these classes of alloys. Electrical resistance measurements identified the
stress and temperature levels at the onset of forward and reverse transformations in isothermal
deformation and thermal cycling experiments, respectively. The return of the electrical resistance to
its reference value, upon austenite to martensite followed by martensite to austenite transformation,
verified the recovery in the transformation strains measured in the experiments.

I. INTRODUCTION states upon transformation from austenite to martensite. The
second group who conducted extensive work on FeNiCoTiIT is well known that a number of Ni- and Cu-based
alloys was Hornbogen and colleagues[8,9] in Germany. Theymaterials display shape memory behavior and also pseudo-
have considered compositions with lower Co ( , 20 pct) andelastic response.[1,2,3] The shape memory behavior is defined
higher Ni ( . 20 pct) contents compared to Kokorin. Theiras the recoverability of deformation upon heating above a
main emphasis has also been to optimize aging treatmentscritical temperature. The pseudoelastic response refers to
and to strengthen the austenite phase with the introductionthe forward transformation upon loading and reverse trans-
of fine precipitates. Finally, Maki[10] in Japan has madeformation upon unloading under isothermal conditions. The
the observation that thin martensites are responsible for theshape memory behavior has been observed in other materials
reversible transformations.We note that these previous treat-such as certain iron alloys but the research in iron-based
ments have not considered theoretical calculations of trans-alloys lagged its Ni- and Cu-based counterparts. Previously,
formation strain levels and also reported transformationthe primary focus has been on FeMnSi alloys,[4] where the
strain levels below 0.7 pct in all cases. Building on ourreversibility of the transformation has been curtailed by the
previous study,[11] in this article, we provide experimentalunderlying slip deformation. In the present work, we study
results that clearly demonstrate transformation strain levelsFeNiCoTi alloys, which are a new class of materials exhib-
near 2 pct in tension. We also provide theoretical resultsiting thermoelastic martensite, hence, reversible transforma-
that confirm the high transformation strain potential intions from austenite to martensite. The transformation can
these materials.be induced via a change in temperature or the application

The transformation strains depend on the crystal orienta-of stress at temperatures exceeding the martensite start tem-
tion and the loading direction. Theoretical calculations haveperature, Ms . Three major groups of researchers have studied
been carried out to predict the twin types and the associatedthese classes of alloys. The group of Kokorin et al.[5] in the
habit planes.[11] In early work,[11] we have demonstratedUkraine has considered Co-rich ( . 20 wt pct) compositions
theoretically that these classes of alloys have the potentialto reduce the tetragonality ratio and minimize the volume
to possess transformation strains in excess of 10 pct. In thechange upon deformation. They demonstrated recoverable
present work, we extend the results to include the contribu-strains of less than 0.5 pct in temperature cycling experi-
tion from detwinning strains.ments in early work.[6] In more recent work,[7] they have

Combined with their high strength and relatively lowerdemonstrated recoverable strains near 0.7 pct. In addition
cost compared to the well-known NiTi alloys, the FeNiCoTito the length change measurements, they noted the changes
alloys can be used in various structural applications. Thein magnetic transition from ferromagnetic to paramagnetic
aging treatment is typically held at temperatures in the range
550 8 C to 700 8 C[5–9] in FeNiCoTi alloys and the aging
increases the strength of austenite upon precipitation and
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during deformation and also under temperature cycling con-
change is given as ëDR

R0 û trans. The applied strain is denotedditions. This type of measurement provided a unique insight
into the onset of transformation to martensite (martensite

as «, and n is the Poisson’s ratio. The c(T ) is a temperaturestart and finish temperatures) and transformation to austenite
coefficient, that accounts for the change in resistivity with(austenite start and finish temperatures).
temperature in the absence of transformation or strain. The
c(T ) can be described as a constant as a first approximation.
For the polycrystalline austenite phase, the value of theII. MATERIAL AND MICROSTRUCTURE
temperature coefficient, c(T ), is 2.46 102 3 1/8 C.

Ingots were originally cast by Specialty Metals with Fe-
29Ni-18Co-4Ti (wt pct) composition in an inert environ-
ment. The first portion of the ingots was then remelted and III. MODELING OF TRANSFORMATION
grown to single crystals using the Bridgman method. After STRAINS AND DETWINNING STRAINS IN
single-crystal growth homogenization of the samples was TENSION AND COMPRESSION
undertaken at 1080 8 C for 24 hours followed by water

The martensitic transformation in Fe-SMAs occurs viaquench.The specimens were aged at 600 8 C for 85 minutes to
phase change from cubic (austenite) to tetragonal (martens-produce a fine precipitate structure. During aging, coherent
ite) lattice. The lattice parameters for the FeNiCoTi alloysordered particles (L12 - Ni3Ti precipitates) form, strengthen-
have been extensively examined by Kokorin.[13] and for Ni-ing the matrix. A second portion of the ingots was subjected
rich compositions, the lattice constants are approximatelyto consecutive hot rolling (900 8 C) and cold rolling treat-
described by a0 5 3.61 Aƒ , a 5 b 5 2.80 Aƒ , and c 5 3.01ments at room temperature. The resultant material after cold
Aƒ . The lattice constants and the face-centered cubic (fcc) torolling had a 6.8 3 6.8-mm cross section. The cold-rolled
body-centered tetragonal (bct) transformation can be bestmaterial was subjected to a 1150 8 C, 10 minute recrystalliza-
visualized with the aid of Figure 2(a). The x, y, and z axestion followed by the 600 8 C, 85 minute heat treatment to
are in the austenite (fcc) coordinate frame and the X, Y, andproduce a polycrystalline microstructure. Differential scan-
Z crystal axes represent the bct martensite frame. The bctning calorimetry was performed on aged polycrystals using
martensite unit cell is shown within the two fcc cells in thethe Perkin-Elmer Pyris 1 DSC system. The following trans-
upper figure. The basic martensite lattice undergoes dimen-formation temperatures were observed: Ms 5 2 85 8 C, As

sional changes, as shown in Figure 2(a).5 2 20 8 C, and Af 5 71 8 C. The martensite finish temperature
In Figure 2(b), we demonstrate schematically the austenitecould not be detected from the DSC curves, but is near

(the framed volume), the twinned martensite (the volume2 120 8 C, based on the strain-temperature response of poly-
after shape change with internal twins), and the detwinnedcrystalline samples, to be reported later.
martensite (volume shown on the right-hand side after det-Transmission electron microscopy studies were under-
winning shear). The individual atomic movements are notedtaken on both the single-crystal and polycrystalline samples.
during the detwinning process. First, we note the definitionThe results are summarized in Figures 1(a) through (f). In
of the correspondent variant pair (CVP). The CVP includesFigure 1(a), we note the presence of fine martensites. Inter-
two twin-related martensite variants. One of the twin variantsface dislocationsare noted in Figure 1(b) as well as ultrafine
has a volume fraction f and the other 1 2 f. The detwinningprecipitates within the martensite domain. Figures 1(c)
process is the growth (or migration of twin boundaries) ofthrough (d) represent low dislocation density, planar struc-
one of the variants (shown in Figure 2(b)) at the expensetures in the austenitic domains. It is noted that dislocations
of the other variant, producing a single variant (single crys-form pileups and the dislocation structure implies that dislo-
tal) of martensite. At the end of the detwinning process, thecations cut the precipitates rather than bypass them. In both
twinned martensitic structure disappears. The vector n is theFigures 1(d) and (e), a fine martensite platelet is visible.
twinning plane normal, a is the twinning shear direction, mFinally, we note the presence of mechanical twinning in
is the habit plane normal, and b is the shear of the martensite.Figure 1(f). A single twin system is activated in the case of

By using energy minimization theory,[12] it was possible[123] crystals with multiple systems present for the polycrys-
to establish the habit plane, transformation direction, andtalline case.
the twin parameters for FeNiCoTi alloy. The transformationFor resistance measurements, a four-point technique was
vectors are calculated using a procedure outlined for NiTiused with a resistance resolution of 6 1 mV . Tinsley senator
in Reference 2. We note, however, that in fcc to bct transfor-thermometer bridge (model 5840D), operating with alternat-
mation there are three variants. The symmetric portion ofing current, provided true measurements of resistance with
the deformation gradients are designated ascurrents approximately 1 mA. The effect of specimen geom-

etry changes and the temperature dependence of resistivity
have been compensated to provide a true measure of change

U1 5 3
h1 0 0
0 h1 0
0 0 h2

4, U2 5 3
h2 0 0
0 h1 0
0 0 h1

4,

[1]

in resistivity due to transformation. This correction is per-
formed as follows:

ëDR
R0 û trans 5 ëDr

r0 û meas 2 (1 1 2n) « 2 c(T )(T 2 T0)
U3 5 3

h1 0 0
0 h2 0
0 0 h1

4
In this equation, the measured change in resistivity is denoted

as ëDr
r0 û meas and the transformation-induced resistivity where h1 5 ! 2a

a0
, h2 5

c
a0

, where a0 is the lattice parameter
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(a) (b)

(d )(c)

Fig. 1—(a) TEM results demonstrating ultrafine martensite variants for the Fe-29 pct Ni-18 pct Co-4 pct Ti polycrystalline specimen subjected to tensile
deformation. (b) TEM results demonstrating the fine precipitates within the martensitic lamellae for the Fe-29Ni-18Co-4Ti, [123] orientation deformed
under tension. Based on orientation of the features with respect to the incoming electron beam, the precipitates within the austenite are not visible. (c)
TEM results on the FeNiCoTi polycrystalline samples deformed under tension showing low dislocation density in the austenitic domains after the deformation.
(d ) martensite and interface dislocations obtained from the FeNiCoTi polycrystalline samples deformed under tension experiment. (e) Martensite variant,
interface dislocations at the austenite/martensite interface, and planar slip structures in the austenite domains in polycrystalline deformation experiment,
( f ) evidence of mechanical twinning in the austenite domains in [123] compression deformation experiment.

of austenite and a and c are the lattice parameters of 5 I (I is the second rank identity matrix) and U1 is the
symmetric part of F1 ? U1 and R1 can be obtained bymartensite.

The gradient matrix F1 can be polar decomposed as U1 5 ! F T
1 ? F1, R1 5 F1 ? U 2 1

1 [3]
F1 5 R1 ? U1 [2]

where F T
1 is the transpose of F1, and U 2 1

1 is the inverse of U1.
Any two of the three lattice correspondence variants canwhere R1 represents a rigid body rotation satisfying RT

1 ? R1
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( f )(e)

Fig. 1—Continued. (a) TEM results demonstrating ultrafine martensite variants for the Fe-29 pct Ni-18 pct Co-4 pct Ti polycrystalline specimen subjected
to tensile deformation. (b) TEM results demonstrating the fine precipitates within the martensitic lamellae for the Fe-29Ni-18Co-4Ti, [123] orientation
deformed under tension. Based on orientation of the features with respect to the incoming electron beam, the precipitates within the austenite are not visible.
(c) TEM results on the FeNiCoTi polycrystalline samples deformed under tension showing low dislocation density in the austenitic domains after the
deformation. (d ) martensite and interface dislocations obtained from the FeNiCoTi polycrystalline samples deformed under tension experiment. (e) Martensite
variant, interface dislocations at the austenite/martensite interface, and planar slip structures in the austenite domains in polycrystallinedeformation experiment,
( f ) evidence of mechanical twinning in the austenite domains in [123] compression deformation experiment.

form twins. The kinematic compatibility between the two C 5 (I 1 n8 ^ a8) ? (I 1 a8 ^ n8) [8]
correspondence variants in the twin across the twin plane

whererequires
a8 5 a, n8 5 U 2 1

i ? n [9]RijUj 2 Ui 5 a ^ n [5]
The vectors a8 and n8 are solved as (Ball and James[12])where Ui and Uj are two lattice correspondence variants,

which form the twin. The Rij represents an orthogonal tensor
a8 5 r1! l3(l2 2 l1)

l3 2 l1
e1 1 k! l1(l3 2 l2)

l3 2 l1
e32 [10]satisfying RT

ij ? Rij 5 I; it represents the relative rotation
between the two variants. The vector n is the twinning plane
normal, and a is the twinning shear direction. The subscripts

n8 5 r 2 11! l3 2 ! l1

! l3 2 l1
2( 2 ! l2 2 l1e1 1 k! l3 2 l2e3)i and j in Eq. [5] represent different choices of the integers

{1, 2, 3} and there is no summation of the indices. Six
possible pairs of Ui and Uj can be formed from the three [11]
lattice correspondence variants; therefore, Eq. [5] represents

where e1, e2, and e3 are the three eigenvectors of matrix Csix equations. The unknowns in Eq. [5] are a, n, and Rij for
corresponding to l1, l2, l3, respectively. The constant ra given pair of Ui and Uj . These values can be obtained
represents an invariant scaling of the solution and will beas follows.
used to choose the unit normal vector n. The constant k canEquation [5] is postmultiplied by U 2 1

i :
take the value 6 1. We denote the solution of (a, n) with

RijUjU 2 1
i 5 I 1 a ^ (nU 2

i ) (no summation) [6] k 5 1 1 as (R 1
ij , a+, n+) and k 5 2 1 as (R2

ij , a 2 , n 2 ). The
relationships between the twinning elements and a and n inA symmetric matrix C is formed as
the parent phase basis are, respectively,

C 5 (RijUjU 2 1
i )T ? (RijUjU 2 1

i ) 5 U 2 1
i ? U 2

j ? U 2 1
i [7]

(K 1
1 , h 1

1 , K 1
2 , h 1

2 )( (n 1 , U 2 1
i a1 , n 2 , U 2 1

i a2 ) [12]
where the superscripts T and 2, respectively, represent the

andtranspositionand square of a tensor. There are also six differ-
ent C values corresponding to the six pairs of Ui and Uj . (K 2

1 , h 2
1 , K 2

2 , h 2
2 )( (n 2 , U 2 1

i a2 , n 1 , U 2 1
i a1 ) [13]

The sufficient and necessary condition of Eq. [5] having
solutions is that C has ordered eigenvalues of l1 # l2 5 1 where K1 is the normal of the first undistorted plane in the

twin (usually referred to as the twinning plane); K2 is the# l3. Under this case, C can be written as
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(a)

(b)

Fig. 2—(a) The fcc to bct (tetragonal) phase transformation and lattice constants. The bct lattice is shown inside the fcc lattice in the upper figure. The
lattice deformation produces the final bct crystal shown on the right. (b) The transformation parameters and the schematic description of the detwinning process.

normal of the second undistorted plane (or conjugate twin- using the invariant plane conditions across the habit plane,
which requiresning plane), h 1 is the shear direction, which lies in the

detwinning plane; and h 2 another undistorted direction in FM 2 I 5 b ^ m [14]
the K2 plane.

For the cubic to tetragonal transformation, all six equa- where I is the identity tensor, m is the habit plane normal,
b is the shear of the martensite, and FM is the averagetions have solutions and three of the solutions are indepen-

dent since the pair (Ui , Uj) is equivalent to (Uj , Ui). deformation gradient of the twinned martensite. When the
twins are fine enough, FM satisfiesAccording to the relationships of [12] and [13], all three

variant pairs form compound twins. Each pair can then form FM 5 Rh[ fRijUi 1 (1 2 f )Ui] [15]
two different types of twins (because of k 5 6 1), so there
are totally six possible twins. where Ui and Uj are the two lattice correspondence variants

in the twin, and (1 2 f ) and f are their volume fractions.In the work discussed previously, we have determined all
the possible twins (number of twins, twin plane normal n, The term Rh is the relative rotation between the twinned

martensite and the parent phase. The values of Rh and f areand twinning shear vector a) by using the invariant plane
condition of the twinning plane. The habit plane normals unknown and will be determined in the following. Upon

substituting Eqs. [5] and [15] into Eq. [14], we obtainand the transformation strains can then be determined by

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 33A, DECEMBER 2002—3665



Rh[Ui 1 f a ^ n] 5 I 1 b ^ m [16] deformation gradient matrix. There are two solutions for the
volume fraction of the variants in a CVP ( f is 0.351 or

There are six equations in Eq. [16] since there are six 0.649). The CVP includes two twin-related variants. The
possible pairs of (a, n). Following the procedure of solving total number of CVPs for the austenite to martensite transfor-
Eq. [5], we form matrix C( f ) as mation is 24 for this class of alloys.

The detwinning strain (conversion of the one volumeC( f ) 5 (Ui 1 fn ^ a)(Ui 1 fa ^ n) [17]
fraction variant to the other one within the CVP) can be

Again, the sufficient and necessary condition for Eq. [16] determined as follows. From Eq. [15], variant Uj converses
having solutions is that C( f ) has ordered eigenvalues of l1 to Ui if volume fraction f , 0.5, and the deformation after
# l2 5 1 # l3. So, the volume fraction f can be obtained by detwinning is (by setting f 5 0)

det (C( f ) 2 I ) 5 0 [18] F dt
M 5 RhUi [22]

where det ( ? ) is the determinant of a matrix. Substituting
If the volume fraction f is greater than 0.5, variant Uithe preceding six possible twins into Eqs. [17] and [18], the

converses to Uj and the transformation includingdetwinningsolutions of f, ordered eigenvalues of l1 # l2 5 1 # l3, is given by setting f 5 1 asand the corresponding eigenvectors e1, e2, and e3 are
obtained. And the solutions of b and m in Eq. [16] are F dt

M 5 RhRijUj 5 Rh ? (Ui 1 a ^ n) [23]

Once the F dt
M is known, the transformation strain (includingb 5 r1! l3(l2 2 l1)

l3 2 l1
e1 [19]

CVP formation and detwinning) can be determined similar
to Eq. [21] with FM replaced by F dt

M.
1 k! l1(l3 2 l2)

l3 2 l1
e32

« dt 5
1
2

(F dtT
M ? F dt

M 2 I ) [24]

m 5 r 2 11! l3 2 ! l1

! l3 2 l1
2( 2 ! l2 2 l1e1 1 k! l3 2 l2e3) The total recoverable strain is the sum of the CVP forma-

tion strain and the detwinningstrain (Eq. [24]). The summary
of the theoretical calculations are given in Figures 3(a)[20]
through (d). The results are given as contour plots in these

The definitions of the parameters in Eqs. [19] and [20] figures. We include the transformation strains associated
are similar to those in Eqs. [10] and [11]. Only that r is with CVP formation and also for combined CVP formation
used to make m as a unit normal vector. Equations [19] and and detwinning. The effect of detwinning is to increase the
[20] also represent two sets of (b, m) because of k 5 6 1. overall transformation strains in both tension and compres-

Proposition 5 of Ball and James[12] gives det (C( f ) 2 I ) sion in most crystal orientations. We also note that the det-
5 det (C(1 2 f ) 2 I ); i.e., if f is a solution of Eq. [18], winning strains in compression far exceed those observed
1 2 f is also a solution of Eq. [18]. Generally, matrices C( f ) in tension loadings for most orientations. The highest trans-
and C(1 2 f ) have different eigenvalues and eigenvectors. formation strains are near the [001] pole for both tension and
Therefore, for each twin (corresponding to a pair of (a, n)), compression. These findings show that the transformation
we get two solutions of f from Eq. [18]. Then, for each strains in Fe-based alloys can potentiallybe high and compa-
volume fraction f, two sets of (b, m) are obtained from Eqs. rable to NiTi alloys.
[19] and [20]. Therefore, the total number of habit plane
variants are 6 3 2 3 2 5 24.

Once the habit plane orientations and the transformation IV. TENSION-COMPRESSION EXPERIMENTS
strains are determined, it is possible to establish the transfor-

To understand the stress-strain response of transformingmation strain as
FeNiCoTi materials, we consider the schematic shown in
Figure 4. Upon deformation in the elastic regime, the mate-«CV 5

1
2

(F T
M ? FM 2 I )

[21] rial deforms with an austenite elastic modulus of EA; the
austenite to martensite transformation starts extremely early

5
1
2

[b ^ m 1 m ^ b 1 (b ? b)m ^ m] in the stress-strain curve (based on the resistivity measure-
ments to be reported later in this article). The austenite to
martensite transformationproceeds over an ascending stress-In Eq. [21], b is not a unit vector and includes the shear

magnitude. The magnitude of the transformation is deter- strain curve in both single and polycrystalline alloys. The
austenitic matrix slips as the strain levels are increased fur-mined as *b* 5 0.1823.One of the variants has a twin volume

fraction f and the other has a twin volume fraction (1 2 f ) ther. Upon unloading, the elastic modulus corresponds to
that of a dual-phase structure, including both the austenitein the CVP. The values of all the transformation vectors are

determined as n 5 {1,1,0}, a 5 ^0.4151,0.3155,0&, and h1 and the martensite. Based on our measurements of the
unloading modulus, we find that the elastic modulus of the5 ^1,1,0&, where n is the twinning plane normal and a is

the twinning shear direction. The habit planes and direc- dual-phase structure (hence, the martensite) is lower than the
austenite. Two types of recoverable strains can be observed:tions are m 5 {0.744,0.1289,2 0.6552}, b 5 ^0.1241,

2 0.02577, 0.1310&, where m is the habit plane normal and pseudoelasticity and shape memory. The pseudoelasticity
portion of the recoverable strain is the portion that revertsb is the transformation shear of the martensite. The twin

plane K1 is the same as n, while the twinning direction h1 back to austenite upon unloading, while the shape memory
part corresponds to the strain that recovers upon heating theis equal to U ? a, where U is the symmetric part of the
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(b)(a)

(c) (d )

Fig. 3—(a) Transformation strain contours for FeNiCoTi alloy in tension. (b) Transformation strain contours for FeNiCoTi alloy in tension after detwinning
of the CVP. (c) Transformation strain contours for FeNiCoTi alloy in compression. (d ) Transformation strain contours for FeNiCoTi alloy in compression
after detwinning.

sample to above austenite finish temperatures. The pseudo- variants transform to austenite upon heating above the aus-
elasticity contribution is rather small in the case of Fe-based tenite finish temperature, as shown in Figure 7(b).
shape memory alloys. The results for the compression case are given in Figures

The experiments were conducted at room temperature 8(a) and (b) for the [123] and polycrystalline cases, respec-
under strain control. The specimen cross section for com- tively. Similar to the tensile case, the FeNiCoTi in single-
pression was square with 4-mm width and the height of the crystal and polycrystalline forms exhibits shape memory
specimen was 8-mm. The tension specimens were dog-bone behavior in compression. We note that the stress-strain
shaped with a gage length of 8-mm, width of 3-mm, and responses in Figures 5(b) and 8(b) are different.
thickness of 1-mm. For accurate measurement of strains, We now check whether the recovery in transformation
a miniature extensometer was used. The temperature was strains can be substantiated with the return of the electrical
monitored during testing to ensure that the temperature rise resistance to its reference level after deformation and heat-
due to transformation is less than 1 8 C. ing. By using an in-situ electrical resistance measurement

The stress-strain curves in tension are shown in Figures technique, we monitored the changes during a tensile defor-
5(a) and (b) for the [123] and polycrystalline cases, respec- mation experiment.
tively. The specimens were deformed to strain levels near The experimental results for tensile deformation at 100 8 C
1.5 pct in all cases. The strain variation upon heating and are given in Figure 9. The transformation-induced resistivity
cooling at zero load is indicated by the line with an arrow.
We note that the strength level in the polycrystalline case change ëDR

R0 û trans is shown on the right vertical axis. The
is substantially higher than that in the [123] case. Figures

reference resistivity is measured at 100 8 C as 3.2 mV . The6(a) and (b) depict the microstructure of the polycrystalline
specimen is deformed at 100 8 C and then unloaded to zerospecimen with the presence of martensite upon unloading
load. The changes in resistance are negative and nearly 10to zero load. Then, upon heating above the austenite finish
pct when the applied strain reaches near 1.5 pct. Our latertemperature, the martensites disappear, as shown in Figure
results will confirm that, upon austenite to martensite trans-6(b). Similar observations were made for the [123] single

crystals. The martensite variants are in Figure 7(a). The formation, the electrical resistance decreases and vice versa
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(a)

Fig. 4—Schematic of stress-strain response of Fe-based transforming alloys
at constant temperatures.

upon reverse transformation. The resistance change is in the
reverse direction upon unloading. When the specimen is
heated to above austenite finish temperature, the resistance
(shown as a dashed line) rapidly approaches the reference
level of electrical resistance.

V. TEMPERATURE CYCLING UNDER
CONSTANT STRESS

(b)To gain further insight into results, the specimens were
subjected to thermal cycling conditions. The experiments Fig. 5—Stress-strain response of FeNiCoTi in tension at room temperature.
were conducted under stress control and axial deformation After unloading, the specimen is heated to 300 8 C or 400 8 C at zero load

and the recoverable strains are denoted with an arrow: (a) single crystalwas monitored during the experiments.A schematic of strain
with [123] orientation and (b) polycrystalline specimen.temperature response of a single crystal is shown in Figure

10(a). When the temperature is above the austenite finish
temperature, T . Af , the material is in the austenitic (fcc)
phase. The transformation behavior is studied under constant 2 80 8 C, while the austenite start temperature is near 0 8 C

for the 400 MPa case. It is more difficult to identify thestress. The martensite that is formed at the martensite start
temperature is internally twinned. The martensite detwins martensite finish and austenite finish temperatures because

the tails of the curves do not perfectly flatten. With different(one twin variant grows at the expense of the other) as the
temperature is lowered further. Ultimately, a single crystal aging treatments, these transformation temperatures are

expected to vary. We have conducted in-situ optical micros-of martensite is formed. Near the martensite finish tempera-
ture, Mf , the austenite is entirely converted to martensite. copy during these experiments and observed that the trans-

formation temperature range is much broader than theDepending on the stress level, slip can occur in the austenitic
domains first and can spread to martensitic regions. We conventional shape memory alloys. For example, the trans-

formation temperature in this case is nearly 200 8 C comparedprovided evidence of slip deformation with transmission
electron microscopy earlier in this article. to 80 8 C in NiTi alloys.

The resistance change during the transformation is shownIn the experiments, the temperature was cycled between
2 130 8 C to as high as 220 8 C. The duration of heating and in Figure 11. The vertical axis is normalized by the reference

level electrical resistance, R0. The reference resistivity is thecooling was approximately60 minutes per cycle to minimize
transient effects and thermal gradients. The experimental room temperature resistivity of 2.98 mV . We note that the

resistance decreases sharply when the martensite start tem-results are summarized in Figure 10(b) for two stress levels.
Other stress levels were also considered but not reported perature is reached (consistent with Figure 10(a)). Upon

austenite to martensite transformation, the resistance changehere. If the stress level is increased, the transformation strains
increase, and at the same time, the martensite start tempera- is approximately 2 30 pct, which is completely recovered

upon heating to the austenite finish temperature. The coolingture shifts. The martensite start temperature is approximately
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(a) (a)

(b)(b)

Fig. 7—(a) [123] specimen subjected to tension and (b) after recoveryFig. 6—(a) Optimal microscopy image of polycrystalline (cold-rolled)
upon heating to 400 8 C for 3 min. The indentation mark is shown in thespecimen subjected to tension (in the unloaded state) and (b) after recovery
lower portion of the figures.upon heating to 300 8 C for 3 min. Note that an indenter has been placed

to ensure that the same location is viewed before and after deformation.

microscopy and postexperimental transmission electron
microscopy. Selective transformation is expected to occur

and heating portions of the curves are shown with arrows. near precipitatesat locationswhere the applied shear stresses
Optical in-situ photographs have been obtained depicting and the local shear stresses resolved on the most favorably
the presence of a high volume fraction of martensite at low oriented CVP reach a critical value. At strains exceeding 3
temperatures, which are fully recovered upon heating to pct, the reversibility of the transformation is limited. How-
temperatures near 150 8 C. We note that the test conditions ever, below 3 pct, we observe recovery upon heating above
between Figure 11 ( 2 30 pct change) and Figure 9 ( 2 10 pct the austenite finish temperature. Apparently, at high strains,
change) are different. two factors play a role. Extensive slip spreads across the

austenitic domains, and the martensite structure (although
rather strong) is deformed enough where it cannot revertVI. DISCUSSION OF RESULTS
back to the austenite.

The transformation stress and transformation strain haveBased on the electrical resistance measurements, the
results show that the transformation nucleates during unidi- been found to be rather sensitive to the aging treatment.

Slight changes in the aging treatment lowered the transfor-rectional deformation at stress levels in the elastic regime
(Figure 9). As the martensite volume fraction increases dur- mation stress and at the same time lowered slip resistance.

It has been found that the resistance to slip is by far theing the ascending portion of the stress-strain curve, the elec-
trical resistance decreases compared to its reference value. most important criterion to achieve reversible transformation

in this class of alloys. The multiplicity of slip systems andThe transformation proceeds in a nonhomogenous fashion
in the austenite domains, as shown with in-situ optical the localized slip at grain boundaries (in the polycrystalline
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Fig. 9—Stress-strain response and the corresponding changes in resistivity(a) for the polycrystalline material in tension at 100 8 C. We note that the
resistivity is normalized with respect to the reference level. The dashed
line demonstrates recovery upon heating to above the austenite finish
temperatures.

(transformation stress) levels in the FeNiCoTi are higher by
as much as 500 MPa. In this regard, the behavior of FeNi-
CoTi is comparable to 51.5 pct NiTi alloys, as recently
reported by the authors.[15] In the case of 51.5 pct NiTi
alloys, the higher volume fraction of precipitates ( . 20 pct),
which are untransformable, produced lower transformation
strains (maximum of 3.7 pct). In the Fe alloys, dislocation
generation is responsible for the lower transformation strains
compared to the theoretically possible levels. The presence
of a high volume fraction of precipitates is also noted for
the FeNiCoTi alloys, and the number of variants activated
is expected to deviate compared to the phenomenological
theory of transformations. The multivariant structure has
been observed in the [123] case (Figure 7(a)) despite the(b)
single CVP predicted by the theory.

Fig. 8—Stress-strain responseof FeNiCoTi in compression at room temper- The stress required for stress-induced martensite increases
ature. After unloading, the specimen is heated to 400 8 C at zero load and with increasing temperature. This stress to produce stress-
the recoverable strains are denoted with an arrow: (a) single crystal with

induced martensite follows the Clausius–Clapeyron equa-[123] orientation and (b) polycrystalline specimen.
tion, given as

ds
dT

5
DH
«Tcase) in the fcc structure promoted the occurrence of finite

local dislocation densities.
The transformation stress at high temperatures (100 8 C) is where DH is the transformation latent heat, « is the transfor-

mation strain for CVP formation, and T is the temperature.considerablyhigher compared to results at room temperature
(Figure 5(b) and 9 comparison). In the case of NiTi alloys, The Clausius–Clapeyron equation can be represented as a

shift (increase) in the martensite start temperature withthe Md temperature (the temperature above which martensite
cannot be induced) is nearly 80 8 C higher than the martensite applied stress. Based on the stress-strain responses shown

in Figures 5(b) and 9 (deformation at 22 8 C and 100 8 C),start temperature. In the FeNiCoTi alloys, the temperature
range over which martensite can be stress induced is as high we determined the critical stress for transformation as 660

MPa and 819 MPa (0.1 pct offset); hence, we evaluatedas 150 8 C. The results point to the need to enhance slip
resistance at high temperatures as a criterion to maximize the slope of the stress-temperature curve as 1.59 MPa/K.

Similarly, the strain-temperature curve given as Figure 10(b)the transformation in FeNiCoTi alloys. The deformation
temperature relative to the Md temperature is an important can be used to determine the shift in martensite start tempera-

ture with increasing stress. The slope ds /dMs is determinedconsideration in interpretationof all results in shape memory
alloys. Thermomechanical treatments are being explored to as 1.6 MPa/K. This agreement between the two slopes has

been observed in other shape memory alloys. The majorincrease the strength of the austenite phase, thereby ex-
tending the region of transformation. difference between this alloy and the NiTi shape memory

alloys is that the slope in NiTi is nearly 5 times higher.The experimental results demonstrate that the recoverable
(transformation) strains for the FeNiCoTi compositions are These results have important consequences for the ability

of the Fe-based shape memory alloy to exhibit pseudoleasticlower than those for the NiTi alloys. However, the strength
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Fig. 11—The change in resistivity (normalized by the resistivity at room
temperature) as a function of temperature cycling. The lower picture depicts
the martensite at 0 8 C. The image on the bottom right shows the partially
recovered martensite at temperatures near 120 8 C, and the upper picture
represents the 100 pct austenite at room temperature after all the martensite
has reverted to austenite. Photographs are taken in-situ during the testing.

critical stress for transformation. With suitable heat treat-
ments and compositional variations, it would be possible to
achieve optimum conditions in the Fe-based shape mem-
ory alloys.(a)

The present results indicate that if we can tailor the texture
of polycrystals to a [001] type, then we can develop superior
compressive actuators. The [001] orientation has the highest
transformation strains among all orientations, as shown in
Figure 3. However, the [001] orientation is conducive to
slip deformation based on the Schmid factor calculations
(5 0.41) for the austenitic (parent) fcc lattice. The mechani-
cal twinning can partially explain the lower recoverability
levels in compression compared to tension in our experi-
ments. Therefore, any treatments that increase the austenite
flow stress, such as through increase in volume fraction of
precipitates, or texture in the case of polycrystals would
increase the transformation strain.

VII. CONCLUSIONS

1. The results show that the FeNiCoTi alloy exhibits high
strength and high pct SME (shape memory effect). Ten-
sion-compressionasymmetry of yield stresses was clearly
demonstrated for both the single-crystal [123] and poly-(b)
crystalline samples. Theoretical calculations of transfor-

Fig. 10—(a) Schematic of strain-temperature behavior of the FeNiCoTi
mation strains point out that this class of alloys has a(polycrystalline) alloy showing the martensite start temperature upon cool-
strong potential for shape memory applications, espe-ing and austenite start temperature upon heating. (b) Experimental results

of strain upon temperature cycling displaying the role of stress on transfor- cially with further optimization of composition and
mation temperatures and the strain levels. heat treatments.

2. Electrical resistance variations as high as 30 pct (with
respect to reference levels) were measured corresponding
to austenite to martensite transformation. Upon reversebehavior. Previous work on NiTi shape memory alloys noted

that pseudoelasticity has occurred at nearly 20 8 C to 50 8 C transformation from martensite to austenite, the electrical
resistance returned to its reference level. These resultsabove the martensite start temperature. Several criteria must

be met, as discussed by Liu and Galvin,[16] to achievepseudo- confirm that the transformation is reversible in the FeNi-
CoTi alloys.leasticity: high austenite strength, a low critical stress for

transformation, and a small temperature difference between 3. Extensive in-situ optical microscopy and postexperimen-
tal transmission electron microscopy were conducted onthe austenite finish and martensite start points (a narrow

hysteresis) promote pseudoelasticity. The Fe-based alloys both the single-crystal and polycrystalline samples. The
optical microscopy demonstrated the reversibility of theexhibit a wide thermal hysteresis (Figure 10(b)) and a high
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