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Abstract
In this study, Vickers indentation was used to investigate the two-way shape-memory effect (TWSME) in an austenitic Ti-50.9 at.% Ni alloy,
exposed to different heat treatments. Three aging treatments were used to manipulate the size of Ti3Ni4 precipitates. All samples were Vickers
indented, and the indent depth was investigated as function of thermal cycling. The TWSME was found only in the material aged at 400 °C,
which contained coherent precipitates. Thermal cycling shows stable TWSME, however, heating well above the austenite finish temperature
lead to permanent austenitic protrusions. The results indicate that stabilized martensite plays a critical role in creating TWSME surfaces.

Introduction
Nickel–titanium (NiTi) shape-memory alloys are capable of re-
covering their previously defined shape after certain deforma-
tion upon the application of heat. This recovery, called
one-way shape memory effect (OWSME), is due to a stress-in-
duced martensitic phase transformation, i.e., a coordinated shift
in atomic structure that is completely reversible even for large
strains up to approximately 8–12%.[1] Through an appropriate
combination of deformation processing and/or heat treatment,
it is possible to elicit a switchable TWSME.[2] This effect is
characterized by the alloy’s memorization of the high- and low-
temperature shape, allowing for spontaneous change between
these shapes as a function of cycling temperature. The intrinsic
mechanism that dictates the TWSME remains a subject of re-
search interest.

Recent studies have shown that a TWSME surface can be
induced in NiTi using an indentation method.[3–5] The near
equiatomic NiTi samples were indented to high strains, ther-
mally cycled, then planarized, and re-polished. When the sam-
ple was reheated into the austenite phase, protrusions formed
on the sample surface, a phenomenon found to be repeatable
over multiple heating cycles. The protrusions were hypothe-
sized to be caused by preferentially oriented dislocation struc-
tures, which remained underneath and around the indentation
site after planarization. A more recent microstructural char-
acterization performed on Ti-50.9 at.% Ni shape-memory sur-
faces after Vickers indentation revealed both dislocations and
thermally stabilized martensitic plates parallel to the indents.[6]

It was theorized that this stabilized martensite may act as
nucleation seed for the TWSME. However, more detailed test-
ing is necessary for a deeper understanding of these TWSME
surfaces.

The purpose of this study is to expand the limited experi-
mental studies on TWSME surfaces by investigating the effect
of pre-existing Ti3Ni4 precipitates. For slightly Ni-rich NiTi,
precipitates are well known to influence the martensitic phase
transformation. It has been shown that coherent Ti3Ni4 precip-
itates increase the stress necessary for plastic flow and decrease
the martensite transformation stress (e.g., [7,8]). Essentially,
local stress fields caused by precipitates act in addition to an ap-
plied external stress, and become the location of the phase
transformation. Thus, the transformation stress scales inversely
with the precipitate coherency. Unfortunately, the role of pre-
existing precipitates on the indentation-induced TWSME is
not well understood. Therefore our approach was to vary the
aging time systematically, leading to either: (i) solutionized,
(ii) coherent, or (iii) incoherent Ti3Ni4 precipitates. TWSME
surfaces were then created via Vickers indentation followed
by planarization. The results show that coherent precipitates
were critical for good TWSME behavior and the protrusion
height as well as the two-way deformation recovery were sen-
sitive to the re-heat temperature. The observed behavior is dis-
cussed in terms of the underlying microstructural mechanisms.

Experimental
Three bulk samples were electro-discharge machined from rod
stock of a cold-drawn Ti-50.9 at.% Ni alloy, used in previous
studies.[6,9] These samples were oven heated to 700 °C for†Current address: AG der Dillinger Hüttenwerke, Dillingen, Germany.
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1.5 h and then immediately water quenched, which is well
known to lead to a solutionized microstructure. The solution-
ized NiTi has an austenitic B2 structure at room temperature.
Two of the solutionized samples were aged for 1.5 h and
water quenched at 400 and at 550 °C, respectively. These
aging treatments were explicitly aimed at generating either
coherent (400 °C) or incoherent precipitates (550 °C).

Using a wire-cutting saw, slices weighing approximately
10 mg were prepared for thermal analysis by differential scan-
ning calorimetry (DSC) using a Mettler Toledo DSC1 Star
System. The heating/cooling rate was set as 20 °C/min. The
phase transformation temperatures were obtained by tangent
methods and listed in Table I.

The microstructures of the aged specimens were investi-
gated via a Philips CM200 transmission electron microscope
(TEM). Electron transparent samples were prepared by grind-
ing (down to 4000 grade SiC paper) discs of 3 mm diameter
to a final thickness of 50 µm and subsequent twin jet polishing
at 20 V using an electrolyte of 20 vol.% sulfuric acid and 80
vol.% methanol.

Deformation recovery was investigated by measuring the
depth of Vickers indents, as a function of thermal cycling.
Samples were grinded down to 4000 grade SiC paper, followed
by electropolishing with an electrolyte solution composed of
20 vol.% sulfuric acid and 80 vol.% methanol, leading to a
final average roughness (Ra) of approximately 0.15 µm.
Indentation was performed with a Leco v-100 indenter at
room temperature with a load of 20 N, a loading time of ap-
proximately 5 s and a holding time of 10 s. The depth of the in-
dents was measured via white-light interferometry (Zygo
NewView 5000) at room temperature, after subsequent heating
above the transformation temperature, and after cooling with
liquid nitrogen (ln) at room temperature. Measurements of
the indent depth in the initial and heated state were taken in
situ using a custom-built heating stage.

To generate the TWSME surface for the protrusion analysis
an array of six Vickers indents with an interspacing of 900 µm
from center to center was indented into a polished surface.
A maximum load of 200 N, a loading time of approximately
5 s, and a holding time of 10 s was used. The higher load was
chosen to increase the size of the protrusions, which correlates
with the indentation diameter and depth. Thus, the indent diam-
eter of approximately 300 µm leads to protrusions of

approximately 300 µm in diameter. Based on preliminary anal-
ysis, the large interspace between the indents was chosen to
avoid any interaction of the intrinsic stress fields induced by
the indents.

The residual indents were removed via grinding and elec-
tropolishing, to a depth just below the indents as estimated
optically. The re-planarized and trained surface showed revers-
ible protrusions of several microns upon heating and
re-flattening after cooling. Measurements of the protrusion
height at different maximum temperatures of 80, 100, 120,
160, and 200 °C and subsequent cooling with ln in between
each cycle, were carried out.

Results and discussion
The characteristic phase transformation temperatures of the
three investigated materials, shown in Fig. 1 were measured
by DSC. The specific transformation temperatures are listed in
Table I. The solutionized material exhibits a one-step transfor-
mation from austenite tomartensite, with all transformation tem-
peratures well below room temperature. This is expected due to
the excess Ni content above equiatomic.[2] Upon aging at 400 °
C for 1.5 h, the transformation temperatures increase. Notably, a
secondary peak appears for both heating and cooling. This is as-
sociated with an intermediate orthorhombic phase, termed the
R-phase. The presence of the R-phase is typical for aged,
Ni-rich, NiTi.[9,10] The specimen aged at 550 °C for 1.5 h re-
sembles more closely the solutionized NiTi, although the
phase transformation temperatures are significantly higher.

The microstructure of the two aged NiTi samples used in this
study is shown in the representative bright-field TEM images in
Fig. 2. The solutionized NiTi was not explicitly investigated as
thermal history and DSC measurements strongly indicate that
the material has been solutionized.[11] The sample aged at
400 °C [Fig. 2(a)] shows precipitates with a length of approxi-
mately 100 nm, leading to strong internal strain fields in the mi-
crostructure due to their coherency [11]. These homogenously
distributed precipitates lead to intrinsic stress fields by means
of austenitic lattice distortion. The strain fields assist in the
stress-induced martensitic phase transformation, and effectively
increase the phase transformation temperatures.[7,8,11] The pri-
mary and brightest pattern observed in the selected area diffrac-
tion pattern [Fig. 2(a)—inset] are from the B2 zone axis
confirming the presence of austenite. The secondary, weak

Table I. Transformation temperatures derived from DSC curves for the tested NiTi materials (A, austenite; M, martensite; R, R-phase).

fFinish temperature Heating (°C) Cooling (°C)

sStart temperature Rs Rf As Af Rs Rf Ms Mf

Solutionzed – – −13 −3 – – −28 −43

400 °C aging 26 35 37 45 50 35 47 −20

550 °C aging – – −8 4 – – −26 −39
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reflections stem from the R-phase at 1/3 [110] B2 positions, and
from the Ti3Ni4 precipitates lying at 1/7 [321] B2 positions. The
DSC curves [Fig. 1] are consistent with the assumption of the
presence of the R-phase; however, it is clear that the 400 °C
aged material is mostly austenite. TEM images of the 550 °C
aged specimen [Fig. 2(b)] show that the lenticular Ti3Ni4 precip-
itates have increased in size to several hundred nanometers. The
inset in Fig. 2(b) illustrates a stress induced fringe contrast in
proximity to a precipitate. Nonetheless, the 550 °C aged speci-
mens show a lower overall internal distortion compared with the
400 °C aging, which is consistent with overaging. Thus, the mi-
crostructural features of the different samples have to be consid-
ered as a fully austenitic lattice for the solutionized material,
high amount of intrinsic stressfields induced by coherent precip-
itates of mid-size precipitates for the 400 °C aged material, and
overaged precipitates leading into semi/non-coherent interface
to the austenitic phase for the 550 °C aged material.

Each of the three samples was deformed via Vickers inden-
tation with a load of 20 N, which was performed at room tem-
perature. The indent depth was quantified in the heated and the
cooled states by white-light interferometry, as tabulated in
Table II. Previous studies have shown that the TWSME effect
can be directly observed by measuring repeated indentation
depth recovery.[3–6] The results show depths taken immediately
after indentation, after first heating to 80 °C, after cooling with
ln, then after reheating to 80 °C. The OWSME recovery ratio
(RROW) and TWSME recovery ratio (RRTW) can be calculated
using the respective changes in indentation depth.[11–13] For the
OWSME the recovery ratio is defined as:

RROW = (di − dh)/di (1)

and for the TWSME it is:

RRTW = (dc − dh)/dc, (2)

where di is the initial depth, dh is the depth after heating above
Af (austenite finish temperature), and dc is the depth after cool-
ing below Mf (martensite finish temperature).

Figure 1. Representative DSC curves for the three tested NiTi samples: (a) solutionized, (b) solutionized then aged at 400 °C for 1.5 h, (c) solutionized then aged
at 550 °C for 1.5 h. The dashed line indicates cooling and the vertical line represents room temperature, where all indentation testing was performed.

Figure 2. Bright-field TEM images of NiTi aged at (a) 400 °C and (b) 550 °C.
Both heat treatments lead to lenticular-shaped Ti3Ni4 precipitates. The
diffraction pattern [(a), inset, aperture 800 nm] shows mainly austenitic
phase (1, B2) with weak reflections at the 1/3 [110] B2 positions,
revealing the presence of the R-phase (2) and Ti3Ni4 precipitates lying at 1/7
[321] B2 (3). Further heat treatment shows increasing precipitation size with
stress-induced fringe contrast [(b), inset].
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The results in Table II illustrate that all three materials show
some permanent deformation and some indent recovery upon
the first heating (i.e., the OWSME). Therefore, a combination
of martensite and plasticity must exist in the deformed material
beneath the residual indent. The solutionized and 550 °C
aged samples exhibit similar RROW values of 14 and 8%, re-
spectively. The 400 °C aged sample exhibits a larger RROW

of 41%. Similar values have been reported in literature[11,13]

and can be best understood by considering the Clausius–
Clapeyron relationship.[14] For conventional uniaxial testing,
deformation at temperatures below As leads to shape-memory
and above Af to pseudoelastic behavior. With increasing strain
beyond what can be accommodated by martensitic phase trans-
formation and reorientation, plasticity of the martensite is
expected. As Vickers indentation leads to a complex three-
dimensional (3D) stress-state, with a strong spatial strain
gradient beneath the indent, it is not as straightforward to char-
acterize; however, the same basic relationship holds true. For
the solutionized and 550 °C aged materials, indentation at

room temperature is well-above Af, and therefore a significant
fraction of the phase transformation deformation is expected
to be pseudoelastic (i.e., will spontaneously recover upon un-
loading). The presence of any RROW is an indication that mar-
tensite is stabilized due to deformation beneath the indent, even
though the testing temperature is well above Af. Several studies
have shown stabilized martensite due to plastic deformation
(e.g., [15–19]). It is theorized that additional heating is required
to overcome a frictional effect associated with residual plastic-
ity which prevents the deformation stabilized martensite from
fully returning to austenite. For the 400 °C aged material, the
volume of deformation stabilized martensite is expected to be
much larger, subsequently a larger shape-memory effect and
RROW is found.

With additional heating and cooling cycles the reversible
TWSME was only observed in the 400 °C aged sample;
thus, only this material was used for the analysis of TWSME
surfaces. To create TWSME surface protrusions, the sample
was deformed with an array of six Vickers indents at a load

Figure 3. 3D Surface topography changes during subsequent temperature cycles taken via white-light-interferometry with 80, 100, 120, 160, 200 °C maximum
temperature. Representative results are shown for the initial cycle with 80 °C maximum and the last cycle with 200 °C maximum temperature. A high ratio of the
TWSME recovery is shown at maximum temperature of 80 °C, (a), and almost no TWSME remains after reaching the upper
“transformation-temperature-threshold”, in this case 200 °C (b).

Table II.White-light interferometry measurements of indentation depths. All measurements were taken at room temperature, prior to either heating above 80 °C
or prior to cooling with liquid nitrogen.

One-way shape-memory effect Two-way shape-memory effect

Initial indent
(μm)

After 1st heating
(μm)

Recovery
(μm)

Recovery
ratio (%)

Repeated cooling
(μm)

Repeated heating
(μm)

Recovery
(μm)

Recovery
ratio (%)

Solutionzed 12.0 10.3 1.7 14.0 9.0 9.0 0.0 0.0

400 °C aging 15.5 9.1 6.4 41.0 10.0 9.1 0.9 9.0

550 °C aging 12.0 11.0 1.0 8.0 9.0 9.0 0.0 0.0
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of 200 N. Afterwards the deformed surface was ground and
re-planarized. An interferometer was used to quantify this
TWSME surface as a function of thermally cycling between
ln and progressively increasing temperatures of 80, 100, 120,
160, and 200 °C. The temperature-dependent shape recovery
behavior for two representative protrusions is shown in

Fig. 3. For example, only the first cycle where the sample is ex-
posed to a maximum temperature of 80 °C (top row) and the
progressively last cycle with 200 °C (bottom row) maximum
temperature are shown. For the first cycle the replanarized flat
sample was heated up to 80 °C, and protrusions arise after ex-
ceeding the transformation temperature. They reach approxi-
mately 1.3 µm in height and exhibit reversible TWSME
behavior (Fig. 4). They remain stable when allowed to cool
in air to room temperature and disappear after cooling with
ln. This phenomenon was observed to be repeatable over ten
cycles. After being exposed to progressively increasing thermal
cycles with a maximum temperature of 200 °C, the same pro-
trusions become stable upon temperature cycling and did no
longer illustrate the TWSME (Fig. 3, bottom row). Owing to
this no flat surface is regained after cooling with lN.
Furthermore, the protrusion height in the high-temperature
state at 200 °C increased to approximately 2.4 µm. The pro-
gression of the protrusion height and the protrusion height re-
covery as a function of the thermal cycling is summarized in
Fig. 5. It is observed that the increase in height and decrease
in recovery scales with the maximum temperature until the
TWSME is virtually no longer present.

To interpret the results, shown in Figs. 4 and 5 studies,
which have investigated the TWSME have to be considered.
The TWSME can be induced via preferential orientation of pre-
cipitates or thermo-mechanical training over several cycles,
neither of which has been performed in this study. It can also
be induced by severe plastic deformation of martensite. For
indentation-induced TWSME surfaces, the underlying mecha-
nism has been hypothesized to be dislocation arrays beneath
the indent which lead to preferential martensite orientation.[3–5]

This hypothesis has been supported by recent TEM observa-
tions of patterns formed in NiTi via laser shock-assisted direct

Figure 5. Comparison of protrusion height and recovery ratio during thermal
cycling. Within increasing maximum cycle temperature, protrusion height
steadily increases, while the TWSME decreases.

Figure 4. Cross-section profiles of surface protrusions after different
temperature cycles. Shown are profiles of the initial martensitic state, after
heating (austenitic state), after subsequent cooling in air to room temperature
(austenitic state) and again after cooling with liquid nitrogen (martensitic
state). (a) High reversibility is shown for lower maximum temperatures like
80 °C. (b) Increasing protrusion height is shown for higher maximum
temperatures such as 200 °C. Low reversibility and remaining TWSME is
shown by second cycling with 200 °C max. temperature.
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imprinting,[20] where a significant increase in the dislocation
density is shown. However, current investigations have
shown both dislocations and stabilized martensite beneath re-
sidual indents, even after thermal cycling from room tempera-
ture to 120 °C.[6] Dislocation-induced stabilized martensite has
also been observed in previous work.[15–18] For the TWSME
surfaces, it was theorized that the stabilized martensite acts as
a nucleation point for the phase transformation, which is sup-
ported by the results shown in Fig. 3. Although cycling pro-
gressively from 80 to 200 °C is not sufficient to cause
significant dislocation annihilation or precipitate growth, it
would be appropriate for overcoming internal friction due to
dislocations structures and transforming the stabilized martens-
ite back to austenite. Also, it is important to note that the height
of the protrusions becomes larger with increasing cycle temper-
ature (Fig. 5), which is consistent with dislocation-stabilized
martensite returning back to austenite. Consequently, it remains
our belief that the stabilized martensite plays a critical role in
indentation-induced TWSME surfaces.

In comparison to the present work, previous investigations
on TWSME surfaces have been carried out exclusively on
Ti-50.3 at.% Ni material, where only martensite is stable at
room temperature. It is therefore possible that the combination
of testing temperature and composition may lead to different
mechanisms which dictate the TWSME surfaces. Systematic
investigation into the effect of composition and indentation
temperature is currently underway.

Conclusions
In summary, indentation-induced TWSME is only shown in
the material, which was solutionized and subsequently aged
at 400 °C, containing semi-coherent Ti3Ni4 precipitates with
a size of about 100 nm. The indentation-induced stress fields
contribute to the activation of corresponding martensite vari-
ants. Within thermal cycling up to moderate temperatures no
tendency of fatigue was shown, the surface protrusions are
highly reversible. Stepwise thermal cycling high above the
transformation temperature leads to an increase of the protru-
sion’s heights and simultaneously to a decrease and elimination
in their reversibility. Thus, the TWSME disappears at high tem-
peratures, which lead to the assumption that stabilized martens-
ite is critical to generate TWSME surfaces from aged Ti-50.9
at.% Ni.
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