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Abstract. 7KHSUHVHQWZRUNLVDLPHGWRVWXG\RIQDQRVWUXFWXUHG1L7LVKDSHPHPRU\DOOR\¶VVWUXFWXUHDQGIXQFWLRnal
properties depending on the type of thermo mechanical treatment. Structure, recoverable strain and reactive force
were compared for coarse grain alloys and nanostructured alloy which was prepared by equal chanal angular
pressing. The structure of the nanostructured NiTi was studied by means of TEM. Functional properties were studied
by three point bending method in wide temperature range. The processing of the alloy by equal canal angular pressing
at 450C results in formation of the structure with mean grain size about 300 nm. The functional properties of
nanostructured and coarse grain alloys were compared in terms of maximal recoverable strain, maximal reactive
force, specific energy capacity and functional inflexibility. It was found that nanostructured alloy generates
essentially higher maximal recoverable force, has higher specific energy capacity and functional inflexibility than
coarse grain one deformed as well (up to 7%). These advantages are most favourable in the field of applications of
the shDSHPHPRU\DOOR\VWRVXUJLFDORUGHQWDOLPSODQW¶VGHVLJQ

1. Introduction
The materials with record functional and mechanical properties are urgently demanded in many modern fields of
medicine and manufactory. The most favourable material for such applications as aviation and space technology,
dentistry, surgery, orthodontia etc., is nanostructured NiTi shape memory alloy (SMA). Till present, the most
effective method of the regulation and improvement of the functional properties of Ti-Ni SMA was a thermo
mechanical treatment creating a well-developed dislocation substructure [1]. Application of the new thermomechanical treatment schemes in particular the severe plastic deformation (SPD) can produce nanostructure in
the alloy and thus opens extra possibilities for regulation of the structure-sensitive functional properties of SMAs
[2-4].
The most effective variant of SPD technique is the equal-channel angular pressing (ECAP) [2-6]. It is
currently used in practice as it gives the possibility to create the nanostructure in bulk samples of the alloy.
ECAP is a multipass process which leads to the controllable grain size reduction [7]. The record mechanical and
functional properties of nanostructured Ti-Ni SMA had been demonstrated in the previous wRUNV>@EXWLW¶VVWLOO
unclear how nanostructure produced by ECAP effects functional properties Ti-Ni SMA in wide range of stresses
and deformations.
The goal of the present paper is to compare experimentally the structure and thermomechanical properties in
stressed conditions, of nanostructured (NS) by ECAP and coarse grain (CG) samples of Ti-Ni SMA. The
structure will be studied by TEM and metallographic optical microscopy. The thermomechanical properties of
NS and CG NiTi SMAs will be studied by the three point technique in wide range of bending strains,
temperatures and stresses. As a result, the difference between NS and high CG alloys will be given in terms of
maximal recoverable strain and maximal reactive force. In order to outline the functional properties of NS Ti-Ni
60$LQDQLQWHJUDOZD\ZHDUHJRLQJWRLQWURGXFHVXFKQHZFKDUDFWHULVWLFTXDQWLWLHVRIWKHPDWHULDODV³VSHFLILF
HQHUJ\FDSDFLW\´DQG³IXQFWLRQDOLQIOH[LELOLW\´
newballer@mail.ru

This is an Open Access article distributed under the terms of the Creative Commons Attribution-Noncommercial License
(http://creativecommons.org/licenses/by-nc/3.0/), which permits unrestricted use, distribution, and reproduction in any
noncommercial medium, provided the original work is properly cited.
Article available at http://www.esomat.org or http://dx.doi.org/10.1051/esomat/200906015

ESOMAT 2009

2. Materials and experimental techniques
The NS samples of Ti49.8Ni50.2 SMA for the experiments have been prepared by ECAP at 450 C by 8 rounds [8].
The study involves the comparative investigation of NS by ECAP and only quenched CG NiTi SMAs from the
same ingot. The samples for the experiments were cut in the form of plates 2,5x12x0.45 mm. The other
characteristics are presented in Table.
Table. Samples

Sample

Composition

As,
ɋ

Af,
ɋ

Ms,
ɋ

Mf,
ɋ

critical

critical

MPa

%

Ɇ

CG

Ti49.8Ni50.2

30

41

-5

-12

550590

7

MP
a
200

NS

Ti49.8Ni50.2

12

20

-17

-32

1100

7

300

Wmax
J/m3

Notes

3500

8000

Ingot
quenched
coarse
grained
specimen
Nanostructured by
ECAP- 8 times at
450 C

Here: As, Af, Ms, Mf - the temperatures of start and finish of the direct and reverse martensite transformation of
the unstressed SMA sample, critical- the stress, when the plastic deformation appears in SMA, critical- the limit of
the recoverable deformations, Ɇ- the stress, when pseudoplasticity, due to stress induced martensitic transition
appears at room temperature in SMA sample, W max = critical critical - the maximal specific energy capacity of
SMA.
The transmission electron microscope JEOL 2001 was used for the investigations of the structure of the
samples of Ti-Ni SMA processed by ECAP. The optical microscope with the stage cooled down to liquid
nitrogen temperature was used for the surface relief investigations of the SMA samples in the martensitic state.
The pre-polishing of the samples have been done well in the austenitic state. The bending deformation versus
temperature curves were measured for low stresses (<35 MPa) by the three point method in temperature range
-« & 7KH GHIRUPDWLRQV XQGHr high stresses (up to 1600 MPa) also were measured by the three point
method at two temperatures: - 120 C (martensitic state) and +200 C (austenitic state). The experimental set up
for three point bending deformations versus temperature measurements included the press with cylindrical form
of the surfaces in order to restrict bending strain by the value of 0 = 10% for high stresses (up to 1600 MPa) and
0 = 1,2% for low stresses (<1,2 %) and thus to prevent the destruction of the sample under the loads.

3. Structure
3.1 Structure study by means of TEM
The results of TEM studies are illustrated in fig.1. SPD creates nanostructure with 100-500 nm grains in
size. The electron diffraction patterns reveal the high mismatch of reflexes between grains. Thus the
investigation detectes a large number of grains with a lot of defects, i.e. that nanostructure is in high-stressed
condition. The results of TEM investigation of the structure of the Ti-Ni SMA processed by ECAP are in
agreement with the results described in [8].
3.2 Optical observation of surface relief
7KHPHWDOORJUDSKLFRSWLFDOREVHUYDWLRQVSUHVHQWHGLQILJFRPSOHPHQWHOHFWURQPLFURVFRS\¶GDWD7KH
relief appears on the pre-polished surface of CG samples in martensite phase which is usually attributed to the
martensitic twins origin (see fig.2a,b). The characteristic size of the elements of the relief is of the order of 10
ȝP8QH[SHFWHGO\WKHVXUIDFHUHOLHIRIDSSUR[LPDWHO\WKHVDPHFKDUDFWHULVWLFVL]HDSSHDUVFOHDUO\DIWHUFRROLQJ
in martensite state on the surface of NS samples. It was proposed, that appearance of the relief in NS sample can
be due to the internal stresses in the alloy. We think that optical study of the surface relief of the pre-polished NS
SMA samples in martensite state is useful for the examination of the level of the internal stresses on micrometer
scale as well as TEM study can reveal the stress levHO RQ QDQRPHWHU VFDOH RI WKH GLPHQVLRQV RI WKH DOOR\¶V
VWUXFWXUH7KHOHYHORILQWHUQDOVWUHVVHVLQWXUQPD\DIIHFWWKH1660$¶VTXDOLW\
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Fig 1. TEM study of NS NiTi alloy. Structure of grains (a,b), electron diffraction pattern (c), stressed condition in the grains
and grain boundaries (d).
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Fig 2. Microscopic photos of pre-polished in austenite surface of NS Ni-Ti (a,b) and CG (c,d). (b,d) - austenite, (a,c)martensite.
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4. Results
4.1 Bending deformation ± temperature curves
The comparative results of the mesurment of stress-temperature curves of CG and NS samples by three point
bending method under relatively low stresses (<35 MPa) are presented on Fig.3 a,b. The curves have typical for
60$¶VK\VWHUHWLFIRUP7KHGHIRUPDWLRQLVUHVWULFWHGE\the value of 0 = 1.2% which is due to cylindrical form
of press. It can be seen that the temperatures of martensite transformation for NS sample lower than for CG one
(see Table). The reactive force is higher for NS sample than for CG one at the same given deformation.
It was also noted that during transformation from austenite to martensite R-phase appears but the
content of R-phase in NS sample smaller than in CG sample. Furthermore NS sample does not have such strong
training ability as demonstrates CG, which can be seen on Fig.3a in circled area. The conclusion is that
functional properties of NS Ti-Ni SMA are more stable than that of CG.
4.2 Bending stress ± deformation curves
The experiments on thermomechanical properties at high stresses (up to 1600 MPa) have been carried out by the
different variant of three point method. In these experiments the bending deformations of NS and CG samples
were measured 2 times: after cooling by liquid nitrogen (well in the martensite state) and after heating up to 200
C (well in austenite state). The samples were bended using different loads. As a result the three quantities:
deformation of loaded sample after cooling İs DIWHUKHDWLQJ İh DQGUHFRYHUDEOHGHIRUPDWLRQ İr İs- İh), were
depicted versus applied strain for CG and NS samples on the graphs fig. 4 a,b.
7KHİs deformation for both of the samples steadily rises during growth of load, as it can be seen from
ILJDE,W¶VUHVWULFWHGE\WKHvalue of 0 = 10% which is due to F\OLQGULFDOIRUPRISUHVV7KHİh deformation is
equal to zero in stress ranges up to 500 MPa for CG sample and 1100 MPa for NS sample. After that the plastic
deformation appears and sDPSOHFDQQRWIXOO\UHFRYHUSUHYLRXVVKDSHDWKHDWLQJ7KHSODWHDXRIİ h deformation
(in stress ranges 650-1100 MPa for CG sample and 1100-1500 MPa for NS sample) can be connected with
deformational hardening of the samples.
The cracks formed by the movement of dislocations appear on strained side of the sample after
application of bending stress more than 1100 MPa for CG sample and 1500 MPa for NS sample, with the
deformation being rather plastic than elastic. The NS sample absolutely recovers given deformation for the
stresses up to 1100 MPa. The CG sample absolutely recovers given deformation for the stresses up to 500 MPa.
The recoverable part of the overall deformation at 1600 MPa is 4% for NS sample and 2.5% for CG one. The NS
sample demonstrates almost 2 times stronger ability to keep functional properties at high stresses.
4.3 Functional inflexibility and energy capacity
In order to outline the functional properties of CG and NS SMAs we introduce two new quantities: functional
inflexibility and specific energy capacity. Functional inflexibility can be defined as the ratio of stress by relative
deformation. This quantity can be used as integral characteristic for spring made of CG or NS NiTi SMA and
VKRZVLW¶VLQIOH[LELOLW\XQGHUKHDWLQJ$VLWFan be seen from fig.5 for CG sample the stress-deformation curve in
0-400 MPa stress range grows slower than for NS sample. HG sample can keep functional properties up to 400
MPa and NS sample can keep functional properties up to 700 MPa. NS sample possess of high reactive stress
when the given deformation is the same for both of the samples. The maximal functional inflexibility for NS
sample is 15.7 GPa and for CG sample is 7.2 GPa.
The specific energy capacity can be defined as product of relative deformation and pressure and shows
the energy accumulated by alloy due to shape memory effect. As it can be seen from fig.6 CG sample can keep
JLYHQHQHUJ\XSWR03DDQGLW¶VHQHUJ\FDSDFLW\LVHTXDOWRDERXW-P3 but NS sample can keep energy
up to 1100 MPa and energy capacity is about 8000 J/m3.
5. Discussion
To explain the experimental data the following qualitative model can be proposed. It is based on the suggestion
that after nanocristallization the summary area of grain boundaries became higher and every boundary plays role
of reinforcing rib. When alloy possesses of high number of such ribs it enhances the integral inflexibility and
SURGXFHKLJKHUUHDFWLYH IRUFHDWORZGHIRUPDWLRQVGXULQJ PDUWHVLWLFWUDQVLWLRQ XQGHUWKHORDG,W¶V ZHOO NQRZQ
that nanostructure produced by SPD in NiTi SMAs improves functional properties because it prevents
dislocations movement on high stresses level [9]. In the present paper we note that the nanostructure enhances
IXQFWLRQDO LQIOH[LELOLW\ EHFDXVH WKH QDQRJUDLQHV¶ Eoundaries play the role of reinforcement ribs even on small
stresses level.
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Fig 3. Relationship between bending deformation, temperature and pressure of CG NiTi alloy (a) and NS by ECAP (b)

a
b
Fig 4. Relationship between bending deformation and stress for CG NiTi alloy (a) and NS by ECAP (b)

a
b
Fig 5. Inflexibility curves show relationship between bending deformation and bending stress for CG NiTi SMA (a) and NS
alloys (b).
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Fig 6. Relationship between energy capacity and bending stress of CG (a) and NS NiTi alloys (b).
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We introduce the term ³VSHFLILFHQHUJ\FDSDFLW\´WRRXWOLQHIXQFWLRQDOSURSHUWLHVRI16DOOR\LQLQWHJUDO
way. Energy capacity consists of two components. First one is high strength: the smaller grain the shorter way
dislocation can pass and it leads to strengthening. Second one is outstanding inflexibility: lots of small grains
lead to rising of the area of boundaries and enlargement of the number of boundaries and every boundary plays
role of reinforcing rib. The energy capacity can be the function of summary area of grain boundaries and their
size. Limit of energy capacity for CG sample lower in about 2 times (see Fig. 6.), than for NS sample which has
high summary area of grain boundaries than CG sample. We can mention that the most qualitative alloyed spring
steels has specific energy capacity not more than 800 J/m3, while NS NiTi alloy has specific energy capacity
about 10 times higher. This gives the opportunities to produce a new class of modern elastic devices for
medicine and engineering industry. NS NiTi SMAs are the most favourable for applications in implant design for
surgery and dentistry.
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