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The effects of composition and heat treatment on the thermally induced phase-transformation behavior
of single-crystal NiTi with compositions of 50.1, 50.4, 50.8, and 51.5 at. pct Ni are presented in this
article. Differential scanning calorimetry (DSC) experiments reveal that a heat-treated 50.1 at. pct Ni
alloy exhibits an unprecedented multiple-step transformation (MST) on both heating and cooling, with
up to four peaks. This behavior is absent in the higher-Ni-content alloys. In polycrystalline NiTi
alloys, MSTs have been attributed to microstructure heterogeneities such as grain boundaries and dis-
locations, which influence precipitation. In-situ scanning electron microscopy (SEM) results show
that the MST in the 50.1 at. pct Ni alloy is associated with single-crystal defects such as dendrites
and low-angle boundaries. A heterogeneous precipitate distribution is observed in transmission electron
microscopy (TEM) images of the same low-Ni alloy, also associated with the defects, creating con-
ditions that have been shown in other studies to promote the MST in polycrystals. These MSTs are
not observed for high-Ni single-crystal alloys containing the same defects. In this article, we describe
the origin of the extraordinary forward and reverse MSTs in the low-Ni alloy and the absence of the
MST in high-Ni alloys. Transformation sequences are proposed based on the contrasting precipitate
microstructures.

I. INTRODUCTION

THE phase-transformation temperatures and sequence in
near-equiatomic NiTi alloys are significantly influenced by
alloy or matrix composition[1] and internal stresses in the
matrix,[2] both of which can be altered by the precipitation
of coherent Ti3Ni4 particles introduced under certain aging
conditions.[3] Internal stresses can also be altered by the pres-
ence of defects such as dislocations introduced through
mechanical deformation[2,4] or stress-free thermal cycling.[5]

Extensive information on transformation sequences in
polycrystalline NiTi is reported in the literature using dif-
ferential scanning calorimetry (DSC), but few studies have
considered the phase-transformation behavior of single-crystal
NiTi. The single-step forward (cooling) and reverse (heat-
ing) transformation sequence, austenite (A) ↔ martensite
(M), is typically observed in solutionized NiTi with little
or no plastic deformation[6–11] or deformed then recrystallized
NiTi.[1,12,13] Another sequence frequently reported is the two-
step/two-step A ↔ R ↔ M transformation. The additional
step is associated with the internal elastic stresses, which
facilitate the transformation to the intermediate R-phase with
a lower transformation shear.[2,4,5,8,10,13–15] The transformation
sequences that are not as well described are those that include
greater than two steps on cooling or heating. They are

referred to here as multiple-step transformations (MSTs) and
include sequences such as three-step/two-step and three-
step/three-step transformations, for example.[15,16,17] In this
study, we observe three-step/three-step and four-step/four-
step transformations in single-crystal NiTi.

According to many studies on the MST in polycrystalline
NiTi shape-memory alloys, the main considerations are
microstructural heterogeneity and variations in local com-
position.[2,3,7,14–16] Microstructures containing precipitates are
inherently heterogeneous, and some authors claim this as
the source for MSTs.[15,17,18] In other cases, the MST is attrib-
uted to an inhomogeneous distribution of precipitates. High-
angle grain boundaries[7,19] or dislocations[2,20] are cited as
the most likely sources for inhomogeneous precipitation of
Ti3Ni4 in polycrystals. In single crystals, these defects cannot
be the source of inhomogeneous precipitation of Ti3Ni4.
Grain boundaries are not present, nor are pre-existing dis-
locations after the long-term solutionizing heat treatment.
Despite the lack of these particular sources for inhomoge-
neous precipitation, we are the first to report that single-
crystal defects such as dendrites and low-angle boundaries
do influence precipitation, particularly in the low-Ni-content
alloys, and, thus, influence MST behavior. The MST is not
observed in the higher-Ni-content single crystals that contain
the same defects. To the contrary, the 50.8 and the 51.5 at.
pct Ni alloys aged at 723 K for 1.5 hours exhibit a single
forward phase transformation.

No rigorous investigation documenting MSTs on heating
and cooling for single-crystal NiTi exists that reports on
such a wide range of compositions and heat treatments. We
investigate the phase-transformation behavior of single-crystal
NiTi with compositions ranging from 50.1 to 51.5 at. pct Ni
and for aging treatments from 0.5 to 100 hours at 723 K and
for 1.5 hours at 823 K, respectively. This investigation of
single crystals enhances the understanding of the origin of
MSTs, since some of the explanations offered for the
transformations do not apply to single crystals.[3,7,16] Speci-
fically, our results show that low-Ni alloys have an extreme
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sensitivity to local composition, influenced by single-crystal
defects, while high-Ni alloys do not. We focus our attention
primarily on the origin of the MST on heating and cooling
for the lowest-Ni-content alloys and explain its nonexistence
in higher-Ni alloys. To characterize the phase transforma-
tions, we discuss the evolution of the DSC peaks with aging
time. Finally, we explain the single peak observed for the
highest-Ni alloys.

II. MATERIALS AND METHODS

A. Single Crystals

Bulk NiTi alloys with compositions of 50.1, 50.4, 50.8,
and 51.5 at. pct Ni were supplied by Special Metals (New
Hartford, NY). Alloys were fabricated using charge chem-
istry. The Bridgman technique was used to grow single crys-
tals in graphite crucibles in an inert atmosphere. Ingots were
subsequently homogenized in a vacuum furnace for 24 hours
at 1193 K and then quenched.

B. Heat Treatment and DSC

Samples cut from the single-crystal ingots were encap-
sulated in vacuum and solutionized in an inert atmosphere
for 2 hours at 1273 K. The aging treatments were conducted
at 723 and 823 K for times ranging from 0.5 to 100 hours.
All samples were water quenched. A Lindberg/blue-box fur-
nace (BF51732 series) was used for heat treatments, and a
Pyris 1 power-compensated differential scanning calorime-
ter (Perkin-Elmer Instruments) was used for the DSC exper-
iments. The DSC samples weighing 20 mg were first heated
to 100 °C to ensure an austenitic structure at the beginning
of the experiment. Next, samples were cooled continuously
to �100 °C, heated to 100 °C, and, finally, cooled to room
temperature. The heating/cooling rate during the entire exper-
iment was 10 °C/min. The low-temperature capability for
the calorimeter used in this study is �150 °C.

C. Transmission Electron Microscopy

A low-speed diamond saw was used to section the single
crystals for transmission electron microscopy (TEM) samples.
Thin sections were mechanically ground to a thickness of
150 �m and then polished. Electron transparency was
obtained by conventional twin-jet polishing using a 5 pct per-
chloric acid and 95 pct ethanol solution. The typical polishing
temperature was �15 °C. Note that this temperature is below
the martensite start temperature for the near-equiatomic NiTi
alloys. Therefore, martensite may form during electropol-
ishing in samples with the lowest Ni content. In these cases,
either polishing conditions were adjusted, or an appropriate
heat treatment was employed during TEM to eliminate such
artifacts. The double-tilt holder used in this study allowed
for moderate heating of the TEM foil up to 100 °C, which
is well above the austenite finish temperature.

D. Scanning Electron Microscopy

The sample surface for both the conventional scanning
electron microscopy (SEM) imaging and the heating/cooling

experiments was electropolished using the same procedure
as described earlier for TEM sample preparation. Small
changes in orientation resulting from the underlying dendritic
microstructure were detected using a channeling contrast tech-
nique, which requires backscattered electron (BSE) imaging.
Conventional secondary electron (SE) contrast was used to
image the small change in surface topography associated with
the phase transformations. For the heating/cooling experi-
ments, the sample was placed on a three-stage Peltier element,
and the specimen temperature was measured using miniature
thermocouples pressed onto the sample. Temperature gradi-
ents were minimized by using a 1-mm-thick sample. The
vacuum environment inherent to the SEM helped to reduce
temperature gradients even further. The sample was first
heated to 60 °C, which ensured a fully austenitic structure
at the beginning of the experiment. Next, the sample was
cooled from 60 °C to �60 °C at 10 °C increments. The trans-
formation was observed and recorded at each temperature
increment.

III. EXPERIMENTAL RESULTS

A. Differential Scanning Calorimetry

The 50.1 at. pct Ni alloy exhibits particularly unique
behavior; MSTs with up to four peaks are observed on both
heating and cooling and for aging times ranging from 1.5
to 100 hours. Figure 1 shows the normalized DSC results
for the 50.1 at. pct Ni alloy heat treated at 723 K. First, con-
sider the data on cooling. The solutionized alloy exhibits a

Fig. 1—Normalized DSC curves for the 50.1 at. pct Ni alloy heat treated
at 723 K for 0, 0.5, 1.5, 10, 50, and 100 h. Each numbered peak repre-
sents a phase transformation. Of special note are the numbers of peaks
and their evolution on cooling for heat treatments greater than 0.5 h and
that the peak behavior is equivalent for the reverse transformation.
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(a)

(b)

Fig. 2—Peak evolution for transformations 1 through 4 for the 50.1 at. pct
Ni alloy heat treated at 723 K. Data points are numbered according to the
peak-labeling convention used in Fig. 1. Arrows indicate splitting of a peak.
Evolution (a) for cooling and (b) for heating.

single peak. A relatively small peak typically associated with
the R-phase transformation, peak 1 (P1), is present after
0.5 hours of aging and shifts to a higher temperature relative
to the solutionized case. Three and four peaks are present
at 1.5 and 10 hours of aging, respectively, which reveal the
initiation and evolution of the MST. The three-step/three-
step and, in particular, the four-step/four-step transformation
sequences for the MSTs are not as well documented. Here,
we point out significant features of the MSTs observed in
these DSC results. The data on cooling for 50 hours are sim-
ilar to those for 10 hours, except that the magnitude of peak
P4 decreases for the longer heat treatment. At 100 hours,
peak P1 is larger than for any other heat treatment and P4
no longer exists. When heated, the reverse transformation
occurs in one step in the solutionized state. The heating curve
for the 0.5-hour heat treatment contains two rather broad
and overlapping peaks, P1 and P2. The number of peaks
increases to three at 1.5 hours and to four at 10 and 50 hours
of heat treatment. At 100 hours, only three peaks remain.
As with cooling, peak P4 decreases in magnitude between
10 and 50 hours of heat treatment, as seen in Figure 1, until
it is no longer detected at 100 hours. Peak 3 grows between
10 and 100 hours, while the magnitude of P1 remains fairly
constant. Peak 2 decreases in magnitude between 10 and
50 hours, but does not change significantly after 50 hours.
The transformation sequences on heating and cooling are
proposed in the discussion.

Figure 2 summarizes the change in the transformation (or
peak) temperature associated with each transformation and
aids in understanding the evolution of the MST and in the
discussion of the transformation sequences. In the text, each
transformation that evolves with time is referred to by the
number of the last peak on the corresponding curve in Fig-
ure 2. In the forward transformation, in Figure 2(a), the tem-
peratures for both transformations 1 and 3 increase with
increasing aging time, while those for transformations 2 and
4 remain constant by comparison, changing less than 2 °C
overall. The peak temperatures for transformation 1 increase
approximately 10 °C from 0.5 to 10 hours and then remain
fairly constant. The most significant increase in temperature
is for transformation 3, which increases by 24 °C between
0.5 and 100 hours of aging. In the reverse transformation, in
Figure 2(b), the temperatures associated with transformations
1 through 3 increase significantly with time at similar rates,
but tend toward a steady state by 100 hours. Even though
there are contrasts in the evolution of the reverse and forward
transformation temperatures, we still observe equivalent num-
bers of heating and cooling peaks for each heat treatment.

The DSC behavior described in detail previously for the
50.1 at. pct Ni can be contrasted with that of the 50.4, 50.8,
and the 51.5 at. pct Ni alloys in Figures 3(a) and (b), which
show the DSC results for the 1.5-hour heat treatment at
723 and 823 K, respectively. The most interesting observation
is that the MST is absent in higher-Ni-content alloys at either
heat-treatment temperature. Furthermore, the DSC results
for 50.8 and 51.5 at. pct Ni show only one peak on cooling
and one broad peak on heating for the heat treatment at
723 K, while two are present on cooling and one on heating
at 823 K. At 723 K, the intermediate composition studied
(50.4 at. pct Ni) exhibits two distinct peaks on cooling and
one peak on heating. At 823 K, in Figure 3(b), the same
alloy shows two peaks, possibly three, on cooling, and two

overlapping peaks on heating. This may be interpreted as a
MST and is considered a borderline case.

B. Transmission Electron Microscopy

Figures 4(a) and (b) are TEM images of the 50.1 and the
51.5 at. pct Ni alloys aged at 823 K for 1.5 hours. These
figures qualitatively show the distinct difference in the spac-
ing and volume fraction of precipitates between the alloys
with the highest and lowest Ni contents. Figures 5(a) and
(b) compare the size and spacing of precipitates in the 50.8
at. pct Ni alloy heat treated for 1.5 hours at 723 and 823 K,
respectively. The sample aged at 823 K clearly shows that
precipitates coarsen significantly at the higher aging tem-
perature for the same aging time. Furthermore, the dark con-
trast induced by the stress fields surrounding the coherent
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(a) (b)

Fig. 3—The DSC curves for the 50.1, 50.4, 50.8, and 51.5 at. pct Ni alloys. Samples aged for 1.5 h at (a) 723 K and (b) 823 K. Note the multiple peaks
in the 50.1 at. pct Ni curves and the single peaks in the 50.8 and 51.5 at. pct Ni alloys.

Fig. 4—Samples aged 1.5 h at 823 K, showing relative precipitate size, spacing, and distribution: (a) 50.1 at. pct Ni[26] and (b) 51.5 at. pct Ni.

(a) (b)

precipitates in Figure 5(a) is not as prominent in Figure 5(b).
Note that the sample used in Figure 4(b) was imaged after
a series of straining experiments and, thus, the dislocation

density is significantly higher than in the actual virgin sam-
ples used for DSC. However, this is irrelevant for the pur-
pose of showing relative precipitate fractions and spacings.
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Fig. 5—The TEM images of 50.8 at. pct Ni aged for 1.5 h at (a) 723 K and (b) 823 K, showing the relative precipitate spacing and size.

(a) (b)

C. Scanning Electron Microscopy

The SEM was used to highlight the “defects” present in
the single crystals on a length scale larger than is possible
using TEM. While the other alloys contain similar defects, the
behavior of the 50.1 at. pct Ni alloy is affected much more
significantly. The results are highlighted in Figures 6 through
8. Figure 6 is a BSE image of an array of low-angle tilt bound-
aries in the 50.1 at. pct Ni alloy. The boundaries are aligned
from the upper-right to the lower-left of the image and are
emphasized with arrows. An insignificant volume fraction of
TiC particles and some pores, which are inherent to growing
single crystals in graphite crucibles and to casting, respectively,
decorate the boundaries. We emphasize that these defects are
also observed in the other NiTi alloys studied. Figures 7(a)
and (b) are images formed in SE mode to emphasize surface
topography induced by the martensitic transformation at the
thermocouple readings of �50 °C and �60 °C, respectively.
At �50 °C, few martensite plates are visible in region A and
markedly fewer are visible in region B, as compared to region
A. As the temperature decreases to �60 °C, martensite is pre-
sent in almost all regions of the image, but predominantly in
region A. Evidence of self-accommodating martensite (SAM)
is indicated with triangles in Figure 7, and SAM forms in
regions unaffected by precipitates. Following the cooling exper-
iment, the sample was imaged again using the BSE technique,
because imaging both the tilt boundaries associated with the
compositional variation and the inhomogeneous martensitic
transformation simultaneously is not possible. The amount of
contrast introduced by the tilt boundary would no longer be

visible once an appreciable amount of martensite forms. The
sample was first heated to 80 °C to ensure transformation back
to the B2 structure and was then cooled to room temperature.
These results are shown in Figure 8(a). The image clearly
shows the presence of the tilt boundaries, which can be seen
as roughly parallel, diagonal lines across the image. Residual
martensite is also present. The tilt boundaries and residual
martensite are depicted schematically in Figure 8(b).

Fig. 6—Region of 50.1 at. pct Ni, showing several low-angle tilt boundaries
aligned from the bottom-left to the top-right of the image (shown by arrows).
The sample was imaged using backscattered electrons.
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(a) (b)

Fig. 7—Secondary electron images from the heating/cooling experiment conducted on the 50.1 at. pct Ni alloy. Sample images at (a) �50 °C and (b) �60
°C. Note that there are remarkably fewer martensite plates present in region B of (a). Evidence of self-accommodating martensite is shown using white tri-
angles in (a) and (b).

(a) (b)

Fig. 8—(a) The BSE image of the 50.1 at. pct Ni alloy, showing a region from Figure 7 after the heating/cooling experiment. The bands are low-angle tilt
boundaries, and residual martensite can be seen. (b) Schematic of bands, several voids, and residual martensite. The martensite and low-angle boundaries are
represented by dashed and solid black lines, respectively.

A. Origin of MSTs in the 50.1 at. pct Ni Alloy

Dendrites are a type of defect present in single crystals that
form during solidification, and these defects are often associated
with compositional variations in other materials such as in Ni-
based superalloys.[21] Also fairly common in single crystals, and
associated with the dendrites, is the low-angle tilt boundary.[22]

Figures 6, 7 and 8 confirm the presence of these two types of
defects in the 50.1 at. pct Ni alloy and show that they corre-
spond to local variations in phase-transformation behavior.

The compositional variations resulting from the formation
of dendrites and low-angle boundaries produce an inhomo-
geneous precipitate distribution that promotes MST on both
heating and cooling. This is the central theme for the cause
of MST in the 50.1 at. pct Ni. More specifically, the local
variations in Ni content result in a composite of regions with
less than region I and greater than region IIp (50.1 at. pct
Ni). NiTi alloys with greater than 50.0 at. pct Ni precipi-
tate Ti3Ni4 during heat treatment. Because the 50.1 at. pct

IV. DISCUSSION OF CONTRAST IN
TRANSFORMATION SEQUENCES FOR 

LOW- AND HIGH-NI ALLOYS

Because these alloys are undeformed single crystals, there
are no grain boundaries and the dislocation density in virgin
samples is low.[8] Therefore, one would not expect to observe
a MST in single crystals. Accordingly, MSTs are not observed
in the higher-Ni single-crystal alloys. The 50.1 at. pct Ni single
crystal, on the other hand, exhibits unparalleled MST behavior
that suggests an extreme sensitivity of low-Ni-content alloys
to small variations in local composition and precipitate arrange-
ment. In this section, we explain how variations in local com-
position generate MSTs in 50.1 at. pct Ni. We then propose
the transformation sequences for the forward and reverse trans-
formations based on DSC data and SEM results. Finally, the
lack of MSTs in alloys with a high Ni content, containing the
same defects, is explained, and the DSC behavior is contrasted
with that of the 50.1 at. pct Ni alloy.
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Table I. Summary of Transformations (Forward) and Corresponding Peaks for 50.1 At. Pct Ni Solutionized 
and Aged between 0.5 to 100 Hours at 723 K

Peak Solutionized 0.5 h 1.5 h 10 h 50 h 100 h

1

2

3
4

I, IIp: Regions I and IIp not containing and containing precipitates, respectively.

1A S M 2 I1A S M 2 I
1A S M 2 I,IIp1A S M 2 IIp1A S M 2 IIp1A S M 2 I

1A S M 2 I
1R S M 2 IIp1R S M 2 IIp1R S M 2 IIp1A S M 2 IIp1A S M 2 IIp

1R S M 2 IIp1R S M 2 IIp1R S M 2 IIp1R S M 2 IIp1R S M 2 IIp

1A S R 2 IIp1A S R 2 IIp1A S R 2 IIp1A S R 2 IIp1A S R 2 IIp1A S M 2 I,IIp

Ni has an inherently low volume fraction of precipitates, it
is likely that precipitates do not form in an appreciable
amount in region I. Therefore the dominant transformation
is (A M), and this will be denoted (A M)I; region I
behaves more like a solutionized alloy. Precipitates do form
in region IIp in some fraction; region IIp behaves like an
aged alloy. The relative volume fractions of regions I and
IIp were not determined for this discussion. It is important
to note that these defects and compositional variations must
also be present in the aged higher-Ni-content single crystals
and the NiTi alloys in the solutionized state. A solutionized
alloy does not contain precipitates. Consequently, a MST
does not occur. The lack of a MST in aged alloys is dis-
cussed in Section IV-C.

B. Transformation Sequences for Aged, Single-Crystal
50.1 at. pct Ni

The data in Figures 1 and 2 clearly show that there is a
marked difference in the transformation behavior of the 50.1
at. pct NiTi on cooling (heating discussion at the end of this
section, Section IV-B) as compared to the higher-Ni alloys
or polycrystalline NiTi. Furthermore, the unusual MST at 10
hours and greater has not been observed previously. A dis-
cussion of logical possibilities for the transformations observed
follows, and Table I summarizes the transformation sequences
proposed for the 50.1 at. pct Ni alloy on cooling. First con-
sider the transformation. In the solutionized case,
the broad peak for suggests that the transformation
peaks for regions I and IIp overlap, such that they cannot be
distinguished. After 0.5 hours of aging, the first and very
small peak, P1, is related to the R-phase formation in the
vicinity of precipitates in region IIp. The associated heat of
transformation suggests that only a very small fraction of
R-phase forms for this aging condition. Transformation peaks
at 0.5 hours for in regions I and IIp occur at peak
P2. The temperature of P2 has increased due to the Ni deple-
tion in region IIp caused by precipitation of Ti3Ni4.

Figures 9(a) and (b) are schematics of the SEM and TEM
images in Figures 6 and 4(a), respectively, which can be used
to illustrate the transformations in regions I and IIp. Figure
9(a) depicts the low-angle boundary separating the two
regions, and Figure 9(b) shows a high-magnification schematic
of region IIp, with the R-phase surrounding each precipitate
(solid lines) and the transformation taking place
away from the precipitates. With increasing aging time, the
Ni-rich precipitates coarsen in region IIp, and the Ni con-
centration in the matrix continues to decrease. Beginning at
1.5 hours of aging, the transformations in regionsA S M

1A S M 2 IIp

A S M

A S M
A S M

44

(a)

(b)

Fig. 9—Schematic depicting the inhomogeneous precipitation of Ti3Ni4

and transformation of martensite. (a) Schematic of the SEM image in Fig.
6, showing low-angle boundaries separating region I, without precipitates,
and region IIp, containing precipitates. (b) Schematic of the TEM image
in Fig. 4(a) showing oriented R-phase (solid black lines) near precipitates
(gray ovals), oriented martensite (aligned laths), and self-accomodating
martensite (laths grouped by three) away from precipitates.

I and IIp are distinguishable on the DSC curve in Figure 1
as peaks P2 (IIp) and P3 (I). For 10 hours, peaks P2 and P3
at 1.5 hours are associated with transformations 3 and 4,



926—VOLUME 36A, APRIL 2005 METALLURGICAL AND MATERIALS TRANSACTIONS A

respectively, as is shown in Figure 2. The increase in trans-
formation temperature for transformation 3 can be associated
with two factors, namely, the Ni depletion of the matrix[8]

and the resulting decrease in yield strength of the matrix.
According to Hornbogen,[23] the martensite start temperature
(Ms) varies with aging time (t) according to Eq. [1]:

[1]

where To is the equilibrium transformation temperature for
a given composition, c is the concentration of Ni in the
matrix, �T is the undercooling required to complete the
transformation, and �y is the yield strength of the matrix.
For NiTi, �To/�c is negative and �c/�t is negative or zero,
depending on whether precipitation is ongoing or complete
(i.e., the matrix is 50.0 at. pct Ni). Therefore, the first term
is positive or zero. The term ��T/��y is always positive, as
the undercooling increases with yield strength.[23] Finally,
the term ��y/�t is negative at almost all aging times in the
50.1 at. pct Ni alloy; the volume fraction of coherent or
semicoherent precipitates is so low that their stress fields
cannot increase the matrix strength, but the Ni depletion
does decrease the yield strength of the matrix. This combi-
nation of properties with aging time leads to the observed 

increase in the , peak P3, temperature 

with aging time.
It is possible that by 100 hours, the composition of the matrix

including regions I and IIp is homogeneous and approaches
the composition of region IIp. More specifically, after 100 hours
of heat treatment, P3 represents the transformation for
the portion of the matrix in regions I and IIp unaffected by
precipitates, with a composition equal to 50.0 at. pct Ni. This
is supported by the experimental observation that the heat of
transformation associated with transformation 4 decreases in
magnitude, while that of transformation 3 increases, which
also suggests a decrease in the volume of material with the
composition of region I and an increase in volume of material
with the composition of region IIp.

In order to rationalize the remaining peaks, we refer to
results from two independent in-situ investigations of the
MST in polycrystalline NiTi using either TEM or neutron
diffraction. Bataillard et al. observed four distinct transfor-
mations in an aged (793 K for 30 minutes) 51.14 at. pct Ni
alloy using TEM, but only three peaks appeared on the DSC
curve.[15] We remark that Bataillard et al. are the only ones
to observe this sequence using in-situ TEM. Sitepu et al.
used neutron diffraction to determine phase fractions present
during heating and cooling experiments.[18] They examined
an aged (673 K for 20 hours) 50.7 at. pct Ni alloy. Two
peaks were present on the DSC cooling curve. Their dif-
fraction results showed that both the R-phase and the B19’
martensite were present at temperatures between the first
and second peaks. The TEM images supported the neutron-
diffraction results. Results by Bataillard et al. and Sitepu
et al. demonstrate that two different phase transformations
can occur within the same thermal event recorded in the
DSC experiment. We believe that an in-situ measurement,
such as neutron diffraction, would be necessary in order to
provide with absolute certainty the exact transformation
sequence for this 50.1 at. pct Ni single-crystal alloy. This

A → M

(A → M)IIpadMs

dt
� 0b

dMs

dt
�

dTo

dc
 
dc

dt
 � 

d�T

dty
 
dty

dt

type of experiment is out of the scope of this article, but
we use their results to interpret our results.

The relative magnitude of peak P1 at 10, 50, and 100 hours
of aging, as compared to peak P1 at 0.5 and 1.5 hours and
other peaks not associated with transformation 1, is indicative
of a greater fraction of R-phase and perhaps another phase
transformation occurring within that peak for the longer aging
times. The R-phase has been observed to nucleate from dis-
locations in the matrix.[24] Therefore, punched-out dislocations,
as the matrix softens and as precipitates coarsen and lose
coherency, may provide another nucleation source for the R-
phase in addition to Ti3Ni4 precipitates. The punched-out
dislocations would affect primarily region IIp, since the low-
angle tilt boundaries separating regions I and IIp would impede
their motion under a stress-free thermal cycle. If the density
of punched-out dislocations increases with aging time, the
total heat of transformation of for peak P1 between
10 and 100 hours would increase. The work by Sitepu et al.
provides support that the transformation could also
take place within peak P1 at 10, 50, and 100 hours of aging.[18]

The second peak, which is small by comparison, would
include the transformation for any remaining R-phase
within region IIp affected by precipitate-stress fields and
punched-out dislocations. The unaffected regions within
region IIp would transform from austenite to martensite along
with region I, as mentioned earlier.

The number of thermal events observed on heating for the
50.1 at. pct Ni alloy is the same as that observed on cooling,
suggesting that the inhomogeneous microstructure strongly
affects the behavior on the reverse cycle as well. Most studies
have shown or have assumed that the exact reverse of the
cooling transformation occurs on heating. Based on the results
presented in Figures 1 and 2, which show the peak evolution
with time and the corresponding positive peak-to-peak
hysteresis, this seems to be a reasonable assumption.

C. The DSC Behavior and Lack of MST in High-Ni
Single Crystals

The higher-Ni alloys in this study do not exhibit a MST.
Both Bataillard et al. and Dlouhy et al. reported a MST in
polycrystalline 51.14 and 50.7 at. pct Ni, respectively, for aging
conditions similar to those considered in this study.[15,19] With-
out the MST data from the single-crystal 50.1 at. pct Ni alloy,
one might argue that the lack of a MST is simply because of
the single-crystal samples being studied. However, the same
single-crystal defects visible using SEM that are attributed to
MST in the 50.1 at. pct Ni alloy are also present in the higher-
Ni single-crystal alloys. In contrast to the 50.1 at. pct Ni, TEM
results show that with a higher Ni concentration, the alloys
have a significantly more homogeneous precipitate arrangement,
thus eliminating the conditions that promote MST. The homo-
geneous precipitate distribution can be explained as follows.
In the single crystals, some regions contain more and some
less than the nominal composition of the alloy. For 50.1 at.
pct Ni, this implies that one region must be near-equiatomic
and, under such conditions, no precipitates form. For the higher-
Ni alloys, the compositions in the low-Ni and high-Ni regions
of the sample contain enough Ni to form a significant volume
of precipitates in all regions of the sample. The borderline case
may be for the 50.4 at. pct Ni, which shows some evidence
of sensitivity to these defects and variations in local compo-

R → M

R → M

A → R
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sition. The results clearly demonstrate that precipitate distrib-
ution dictates the conditions for MST.

Not only do the 50.8 and the 51.5 at. pct Ni alloys lack a
MST, they also show only one peak in the DSC data for the
723 K heat treatment on cooling. Two are present at 823 K.
The contrasting behavior for the two heat treatments is now
explained, beginning with a discussion of the R-phase trans-
formation and ending with the suppression of the 
transformation at 723 K. The first peak (the only peak at 723
K) is associated with the transformation, and the trans-
formation temperature does not show a strong dependence on
Ni content. The result is consistent with previous results by
Somsen et al., who showed that the transformation
temperature is constant as a function of composition at 723 K
in polycrystalline NiTi.[25] The transformation strain for 
is an order of magnitude less than that for ; the latter
transformation is highly sensitive to stress fields introduced
by defects such as coherent precipitates, while the former is
not.[26] Consequently, the precipitate arrangement resulting
from the nominal alloy composition should not significantly
influence the transformation temperature. The same
result was observed at 823 K.

In contrast to the MST in lower-Ni alloys, the second peak
expected for aged NiTi alloys is suppressed below
the detection capabilities of DSC for the 50.5 and 51.5 at.
pct Ni alloys. In the absence of polycrystalline defects, our
results indicate that two factors are likely to contribute. The
first is that the precipitate spacing may be smaller than the
critical nucleus size; therefore, the martensite nucleation is
suppressed. The second is that a larger undercooling is
required in the presence of the high strain energy associated
with the large volume fraction of closely spaced, coherent
precipitates. The latter can be argued thermodynamically
using Eq. [1]. For the transformation to be suppressed, 

the term must be large and positive. This is possible

if the strain fields associated with the coherent particles more
than compensate for the decrease in yield strength caused
by the Ni depletion. Note that the aging time from Eq. [1]
is interchangeable with temperature.

One peak is observed on heating for both heat-treatment
temperatures. For the heat treatment at 723 K, the 
transformation is suppressed. Therefore, we attribute the
apparently broad, overlapping heating peaks to concomitant

transformations in regions with and without the afore-
mentioned single-crystal defects. At 823 K, the single peak
rises steeply on the back side (higher temperature), but is
less steep on the front side (lower temperature). This may
be an indication that the and transformations
overlap. The possibility of overlapping heating peaks sug-
gests that the high-Ni alloys exhibit some sensitivity to
microstructure heterogeneity even though the MST is absent.

V. CONCLUSIONS

In this study, we examined the origin of the MSTs on
heating and cooling in single-crystal NiTi shape-memory
alloys. The work provides valuable insight into the influence
of local composition on the MST and confirms that the result-
ing inhomogeneous precipitation plays a dominant role in
the MST. We report the following findings.
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1. The MST in 50.1 at. pct Ni with up to four peaks on
heating and cooling results from the precipitate arrange-
ment following aging. The inhomogeneous distribution
of precipitates is caused by small compositional variations
in the single crystal that are attributed to dendrites and
low-angle subgrain boundaries and results in regions with-
out precipitates (region I) and regions with precipitates
(region IIp). These two regions, therefore, show different
phase-transformation behaviors, which manifests itself
as multiple peaks on the DSC curves even at heat treat-
ments as long as 100 hours. The cause of the MST for
single crystals, namely the inhomogeneous precipitate
microstructure, is equivalent to some reports for poly-
crystals. The source for inhomogeneous precipitation in
single crystals is different than that for polycrystals.

2. The proposed transformation sequence for the MST in the
50.1 at. pct Ni alloy is summarized in Table I. The peak
evolution on cooling supports that the last peak in the
sequence is the austenite-to-martensite transformation in
regions I (without precipitates) and IIp (with precipitates).
The evolution of the first peak on cooling indicates that,
in addition to the austenite to R-phase transformation,
another transformation such as the R-phase–to–martensite
transformation takes place. Our findings provide experi-
mental evidence to substantiate that when the MST is
observed, the reverse transformation corresponds exactly
to that of the forward transformation.

3. The high-Ni-content alloys do not exhibit MST, but do
contain the same defects. The TEM confirms a homo-
geneous precipitate arrangement. Therefore, we conclude
that the nominal Ni content is sufficiently greater than
50.0 at. pct Ni, such that precipitates form in all regions
of the sample. In the absence of polycrystalline defects
such as grain boundaries, the homogeneity of the pre-
cipitates suppresses MST. There is some evidence that
there may be sensitivity to the MST, especially for the
intermediate (50.4 at. pct Ni) case.

4. A large undercooling is necessary for the martensitic
transformation at 723 K for the 50.8 and 51.5 at. pct Ni
single-crystal alloys. The precipitate spacing and the strain
energy associated with their coherency and spacing are
likely to suppress the R-phase–to-martensite transfor-
mation to temperatures below the measuring capabilities
of the DSC equipment used in the study.
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