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Plastic yielding of NiTi shape memory alloy under local canning compression
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Abstract: As a new attempt, local canning compression was applied in order to implement large plastic deformation of
nickel—titanium shape memory alloy (NiTi SMA) at room temperature. The plastic mechanics of local canning compression of NiTi
SMA was analyzed according to the slab method as the well as plastic yield criterion. Transmission electron microscopy (TEM), high
resolution transmission electron microscopy (HRTEM) and scanning electron microscopy (SEM) were used to study the
microstructural evolution as well as deformation behavior of NiTi samples under local canning compression. Increasing the
hydrostatic pressure with the increase in the outer diameters of the steel cans is responsible for suppressing the initiation and growth
of the micro-cracks, which contributes to enhancing the plasticity of NiTi SMA and avoiding the occurrence of brittle fracture. Plastic
deformation of NiTi SMA under a three-dimensional compressive stress state meets von-Mises yield criterion at the true strains
ranging from about 0.15 to 0.50, while in the case of larger plastic strain, von-Mises yield criterion is unable to be met since the

amorphous phase arises in the deformed NiTi sample.
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1 Introduction

The remarkable attractiveness of nickel—titanium
shape memory alloy (NiTi SMA) comes from its shape
memory effect as well as superelasticity [1]. Chemical
composition, heat treatment and plastic working history
of NiTi SMA have a significant influence on its shape
memory effect as well as superelasticity [2—7]. In
particular, cold plastic deformation plays an important
role in enhancing the mechanical properties and the
functional properties of NiTi SMA [8,9]. Severe plastic
deformation (SPD) based on the cold working is able to
lead to a mixture of nanocrystalline and amorphous
phase or a complete amorphization of NiTi SMA.
Furthermore, the appropriate heat treatment contributes
to nanocrystallization of amorphous NiTi SMA subjected
to SPD, which is responsible for the mechanical
properties and the functional properties of NiTi SMA.
For example, SERGUEEVA et al [10] investigated
amorphization of NiTi SMA based on SPD by HPT as
well as nanocrystallization of amorphous NiTi SMA in

the case of annealing, which causes NiTi SMA to possess
an ultimate tensile strength of 2650 MPa at room
temperature and the maximum elongation of more than
200% at 500 °C [10]. DELVILLE et al [11] applied heat
treatment by pulsed electric current for obtaining
nanocrystallization of amorphous NiTi wire based on
cold drawing and consequently found that the NiTi wire
with nanocrystalline regions exhibits the exceptional
cyclic stability and possesses the perfect superelasticity
with a recoverable strain of 8%. Accordingly, many
researchers have devoted themselves to SPD of NiTi
SMA based on cold working, such as high pressure
torsion (HPT) [12—14], cold rolling [15—17] and surface
mechanical attrition treatment (SMAT) [18-20]. HPT is
able to induce much higher strain by means of a shear
deformation and can lead to a complete amorphization of
NiTi SMA. As compared with HPT, cold rolling and cold
drawing can induce the relatively lower plastic strain and
thus lead to partial amorphization and nanocrystallization
of NiTi SMA. SMAT is capable of producing a surface
layer with a mixture of nanocrystalline and amorphous
phase by inducing severe plastic strain on the surface of
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NiTi SMA.

In the present study, as a new attempt to generate
SPD, local canning compression was used for fabricating
amorphous and nanocrystalline NiTi SMA at room
temperature. The plastic mechanics of local canning
compression of NiTi SMA was solved and the yield
criterion of NiTi SMA under a three-dimensional
compressive stress state was investigated, which has
never been reported so far.

2 Experimental

The NiTi alloy with a nominal composition of
Nisg9Tige; (mole fraction, %) was prepared by vacuum
induction melting method, and was then rolled at 800 °C,
and finally was drawn to the NiTi bar with a diameter of
12 mm at 400 °C. Transformation temperatures of the
NiTi bar were measured by differential scanning
calorimetry (DSC) at the heating or cooling rate of 10
°C/min, which were as follows: M=-27.2 °C, M~=41.7
°C, A=17.3 °C, A; =4.1 °C. Therefore, the NiTi bar
possessed the B2 austenite structure at room temperature.
The NiTi samples with the diameter of 4 mm and the
height of 6 mm were cut from the NiTi bar by means of
electro-discharge machining (EDM) and then were
locally inserted into the low carbon steel can with the
inner diameter of 4 mm and the height of 3 mm. The
outer diameters of the steel can were 6, 8, 10, 12, 14, 16,
18 and 20 mm, respectively, as shown in Fig. 1. The
canned NiTi samples were placed between the top anvil
and the bottom one of the INSTRON-5500R equipment
and were then compressed under a three-dimensional
compressive stress state at a strain rate of 0.05 s ' at
room temperature, as shown in Fig. 2. The perfect
lubrication is performed between the NiTi samples and
the anvils.

Fig. 1 Photographs of locally canned NiTi samples

Fractographs for the compressed NiTi sample were
examined by scanning electron microscopy (SEM) using
FEI Quanta200 microscope and optical microscopy.
Microstructures were characterized by transmission
electron microscopy (TEM) and high
transmission electron microscopy (HRTEM) using FEI
TECNAI G2 F30 microscope with a side-entry and
double-tilt specimen stage with angular ranges of +40° at
an accelerating voltage of 300 kV. Foils for TEM
observation were mechanically ground to 70 um and then
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Fig. 2 Schematic diagram of local canning compression of NiTi
SMA (o,—Radial stress; g,— Tangential stress; o.— Axial
stress)

thinned by twin-jet polishing in an electrolyte consisting
of 6% HCIO,, 34% C4H,0O and 60% CH;OH in volume
fraction.

3 Analysis of mechanics of local canning
compression of NiTi alloy

The mechanical model of local canning
compression of NiTi sample can be divided into two
parts. One part is shown in Fig. 3, where the steel can
belongs to plastic deformation under the action of the
pressure p. The other part is shown in Fig. 4, where the

P | o;tda, |x

R

Fig. 3 Schematic diagram of mechanical model of steel can
(p—Pressure; R—Outer radius; »—Inner radius; H/—Height)
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h

Fig. 4 Schematic diagram of mechanical model of NiTi sample
(h—Height of NiTi sample)

cylindrical NiTi sample can be regarded as the
compressive deformation within the boundary condition
of the pressure p as well as without friction. The pressure
p will become the bridge across which the mechanics
problem of local canning compression of NiTi sample is
able to be solved with the assumption that the steel can
has no strain hardening and the dimension change of its
inner and outer diameters has a negligible influence on
the pressure p during the plastic deformation. Therefore,
the plastic mechanics of local canning compression of
NiTi alloy can be solved by combining slab method with
plastic yield criterion.

3.1 Analysis of plastic mechanics of steel can under

pressure

As shown in Fig. 3, the mechanics of plastic
deformation of the steel can under the inner pressure p
belongs to the axisymmetrical problem as well as the
plane stress problem, where o, is equal to zero without
the axial loading, while o, and oy are irrespective to the z
coordinate axis. Simultaneously, it is assumed that the
total material particles within the steel can are all
subjected to plastic deformation. In addition, ¢, and oy

are both the principal stresses due to no shear stresses in
the steel can. By intercepting an element slab in the steel
can, the equilibrium differential equation along the radial
direction is obtained as follows.

(0,+do,)(p+dp)Hd0 -0 ,HdO - 20, (sind—ze)Hdp =0
(1
By ignoring the high-order items of Eq. (1), the
following equation can be obtained:
do, o,-0
—Lgr 0

0 2
” P @

Because the steel can meets the von-Mises yield
criterion,

E:%\/(%_‘79)2"‘(09_0)2+(0_’7ﬂ)2 =0 )

Equation (3) can lead to the following equation:
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By selecting the angle a as the parameter variable,
Eq. (4) can be expressed by

O'p+0'3
5 =0,C08 0
5
%% _ 1, Gin ®
—+—=—oggsina
2 3¢

o, and oy can be expressed by the parameter a, so
Eq. (5) can be further converted to the following
expression:

2 3 1. 2 T
o o,(——cos a+—sin a) =—=o,cos(a——)
2 NEY 6

p:ﬁ 2
U—ia(ﬁ
0_\/5 s 9

Equation (6) is the plastic yield condition described
by the parameter o and thus it can be geometrically
expressed by the ellipse as shown in Fig. 5.

Substitution of Eq. (6) into Eq. (2) leads to

(6)

cosa —lsin a)= ia cos(a +£)
2 NER 6

d[cos(a - E)] cos(a — E) —cos(a + E)
6 6 6 _ (7
dp p

The simplification of Eq. (7) results in
P _ Lae ctg a)da (8)
p 2
By integrating Eq. (8), the following expression can
be obtained.
1np=%(\/§a—ln|sin a|+C1) 9

where C; is the integral constant.
According to the boundary condition: p=R, ¢,=0,
there is
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Fig. 5 Geometric diagram of plastic yield condition

LA 10
cos(a 6) 0 (10)

In the range from —x to +n, a=2n/30or a=-n/3
meets Eq. (10). However, when a=2n/3, 04,<0; when
o =-1/3, 0,>0. Furthermore, when all the total material
particles within the steel can are in the plastic yield state,
there only exists g5>0 at the boundary of p=R. Therefore,
o=-m/3 is the boundary condition which meets Eq.
(10).

By substituting a =-n/3 and p=R into Eq. (9), the
following expression can be obtained.

REIECINE

Then, the integral constant C; can be determined as

SR

C, =InR? +In (12)

+C1} (11)

Substitution of the integral constant C; into Eq. (9)
R 2|sin a|

results in
p2 = \/5 exp{— (ﬁoﬁ@]} (13)

The stress distribution in the steel can along the
radial direction can be solved by combining Eq. (6) with
Eq. (13).

By substituting the boundary condition of p=r and

=—p (p is the positive value) into Eq. (6) and Eq.(13),
Eq. (14) can be obtained as follows.

p= —ia cos(a —E)
3 ‘ (14)

R?  2sino] NET:
= e+ )
N R
Equation (14) represents the relationship between
the pressure p and the specific value R/r. Equation (14) is

a=-2 o, = 1 .0 -2 a,
-0 s Yg = s
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the expression to obtain the accurate solution of the
pressure p, where the parameter o ranges from —n/3 to
—51/6 according to Fig. 5.

The curve of the relationship between the
pressure p and the specific value R/r can be obtained
according to Eq. (14), as shown in Fig. 6. It can be seen
from Fig. 6 that the pressure p increases with the increase
of the specific value R/r. Therefore, establishing the
various R/r values is capable of resulting in the various
pressure which acts on the NiTi sample. However, the
pressure is unable to increase infinitely with the specific
value R/r, because the specific value R/r in Eq. (14) has a
limited range from 1 to 2.9615 according to the
parameter a ranging from —n/3 to —5m/6. As shown in Fig.
5, when a=—2m/3, 0,~0, and thus R/r=2.4766. When
R/r<2.4766, gybelongs to the tensile stress in the total
steel can. On the other hand, according to
do,

— —io sin(a
dp B
a==5m/6 can be obtained and thus ¢, has the extremum

2
V3
Therefore, when 2.4766< R/r< 2.9615, there exists
the transition layer of 0,=0 in the steel can where gy
belongs to the compressive stress in the transition layer
and oy belongs to the tensile stress around the transition
layer. When R/r>2.9615, the plastic deformation zone
will be surrounded by the elastic deformation zone in the
steel can and thus Eq. (14) is unavailable.

T
-2)=0,
o)

o, where R/r=2.9615.

3.2 Analysis of mechanics of NiTi sample under
pressure
As shown in Fig. 4, the mechanical model of NiTi
sample under compression belongs to the axisymmetrical
problem as well. Furthermore, the influence of the
friction on the compressive deformation of NiTi
sample is ignored because the perfect lubrication can be
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Fig. 6 Curve of p/o, vs R/r

performed between the NiTi sample and the anvil. An
element slab is intercepted in the NiTi sample and the
equilibrium differential equation along the radial
direction is obtained as follows.

. do
(0, +do,)(p+dp)hdd—o,hdb - 20, (sm;)hdp =0

(15)

By ignoring the high-order items of Eq. (15), the
following equation can be obtained:

2% [ Zp 7% _ (16)
dp p
As for the radial strain ¢, and the tangential strain &,

in the NiTi sample, the following expression can be
established:

. =%
"
17)
o _2mMptdp)-2mp dp
, =PI D) D

2mp p
According to Eq. (17), the relationship between the
radial strain &, and the tangential strain &yis expressed by

€, =¢p (18)
Based on the constitutive relationship between the

stress and the strain, the relationship between the radial
stress g, and the tangential stress oy is expressed by

0,=0p (19)

By combining Eq. (16) with Eq. (19), the following
expression can be obtained.

dap =0 (20)

Integrating Eq. (20) results in
,=Cy (21)

where C, is the integral constant and can be determined

as Cy=p according to the boundary condition of p=r,
0,=—Pp, 50 0, is expressed as

0,==D (22)

Equation (22) reveals that the radial stress g, is
always equal to the pressure p in the compressive
deformation of NiTi sample. Furthermore, the axial
stress g, can be measured by the stress—strain curves
under compressive deformation. The effective stress o
of the material particles in the deformation zone of the
NiTi sample under compression can be calculated as

o +p|
(23)

Furthermore, the effective strain & of the material
particles in the deformation zone of the NiTi sample
under compression can be calculated as

E:%\/(O} —O'p)2 +(0p _06)2 +(oy _02)2 =

E=%\/(8Z—ep)2+(8p_89)2+(85—82)2 (24)

4 Results and discussion

4.1 Mechanical behavior of NiTi sample under local

canning compression

Figure 7 indicates the compressive stress—strain
curves of the NiTi sample with various outer diameters
(D) of the steel can. It can be clearly seen from Fig. 7
that compared with the uncanned NiTi sample, the
compressive stress—strain curves of the canned NiTi
samples keep the similar shape, where the NiTi alloy
experiences the four stages including the elastic
deformation of the austenite phase, the stress-induced
martensite phase transformation, the elastic deformation
of the stress-induced martensite and the plastic
deformation of the stress-induced martensite.
Furthermore, the compression stress o, increases with the
increase of the outer diameters of the steel can. The
stress o, increases slightly at the previous three stages
where the mechanical behavior and the phase
transformation behavior of the locally canned NiTi alloy
under a three-dimensional compressive stress state is out
of the scope of the paper and will be investigated in the
future. However, during the plastic deformation of NiTi
alloy, the stress o, increases sharply with the increase of
the outer diameters of the steel can when the outer
diameter of the metal can is less than 12 mm, but it
increases slightly when the outer diameter of the steel
can is greater than 12 mm. When the outer diameter of
the steel can is 6, 8 or 10 mm, the value of R/r is less
than 2.9615, so that all the material points in the steel can
meet the plastic yield criterion and the pressure p can be
solved according to Eq. (14). When the outer diameter of
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the steel cans is 12, 14, 16, 18 or 20 mm, the value of R/r
is greater than 2.9615, so that not all the material points
in the metal can meet the plastic yield criterion and the
pressure p is unable to be solved according to Eq. (14).
In general, when the value of R/r is greater than 2.9615,
the mechanical state of the steel can under the action of
the pressure p probably falls into two situations, as
shown in Fig. 8. On one hand, the steel can consists of
the plastic zone and the elastic zone, where the plastic

3.0

— D=6 mm
—— D=8 mm
— D=10 mm

D=12 mm
— D=14 mm
— D=16 mm
— D=18 mm
— D=20 mm

Compression stress/GPa
Lh

0.5

0 01 02 03 04 05 06 07
Compression strain

Fig. 7 Stress—strain curves of locally canned NiTi sample at
reduction in height by 50% (D=0 represents uncanned NiTi
sample)

Plastic zone

Elastic zone

Transition layer

Plastic zone

Elastic zone

Transition layer |

Transition layer 2

Rigid zone

Fig. 8 Schematic diagram of deformation zones of steel can
with R/r>2.9615: (a) Two zones including plastic zone and
elastic zone; (b) Three zones including plastic zone, elastic
zone and rigid zone

zone is surrounded by the elastic zone. On the other hand,
when the value of R/r increases to a certain value, the
steel consists of the plastic zone, the elastic zone and the
rigid zone, where the plastic zone is surrounded by the
elastic zone and the elastic zone is surrounded by the
rigid zone. Especially for the situation as shown in Fig. 8
(b), the infinite increase of the R/r value is unable to lead
to considerable increase in the pressure p.

Figure 9 shows the equivalent stress—equivalent
strain curves of the NiTi samples under local canning
compression in accordance with Eq. (23) and Eq. (24),
where the stress o, is derived from the stress—strain
curves in Fig. 7 and the p value results from Eq. (14) in
which the yield strength o of the steel can is measured as
250 MPa. It can be seen from Fig. 9 that the plastic
deformation of the locally canned NiTi samples under a
three-dimensional compressive stress meets the
von-Mises yield criterion at the true strains ranging from
0.15 to 0.50. When the true strain is less than 0.15, the
NiTi sample will experience initial elastic deformation
and subsequent stress-induced martensite phase
transformation. When the true strain is greater than 0.50,
NiTi sample is subjected to so large plastic deformation
leading to its amorphization or nanocrystallization that it

is unable to meet the von-Mises yield criterion.

22
w 20F
[~ 9
9
§ 1.8
£ 1.6
=
-
g_ 1.4F — D=0 mm
w === D=6 mm
—-=- D=8 mm
| o D=10 mm

L{} 1 L 1 1 I 1

0.15 020 025 030 035 040 045 0.50
Equivalent strain

Fig. 9 Equivalent stress—equivalent strain curves of NiTi

samples under local canning compression

Figure 10 shows the relationship of the hydrostatic
stress oy, of the NiTi sample under local canning
compression with respect to the specific value R/r of the
steel can. The hydrostatic pressure o, is calculated
according to the following expression:

1 1
o =[o. 0,400 =3l ~2p) (25)

where the stress o, is derived from Fig. 7 and is imparted
to a negative one, and the p value is derived from
Eq. (14). As shown in Fig. 10, the hydrostatic pressure o,
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increases with the increase of the outer diameter of the
steel can. Therefore, the increase of the specific value R/r
leads to the increase of the pressure p and consequently
further results in the increase of the hydrostatic pressure
on, which contributes to the considerable enhancement of
plasticity of the NiTi alloy.

600
580
560
540 "
520

500 -

Hydrostatic pressure/MPa

480 -

460 L L I L L
14 1.6 1.8 2.0 22 24 26

Rir

Fig. 10 Relationship between hydrostatic pressure and R/r of
steel can

4.2 Microstructural observation of NiTi alloy under

local canning compression

According to the previous mechanics analysis, the
local canning compression of NiTi alloy causes it in a
three-dimensional compressive stress state, which is
responsible for suppressing the initiation and growth of
the micro-cracks. Furthermore, increasing the outer
diameters of the steel can contributes to enhancing the
hydrostatic pressure, which plays a significant role in a
large plastic deformation of NiTi alloy and has been
validated by the compressive experiments. As for the
uncanned NiTi sample, when the reduction in height
arrives up to 40%, the NiTi sample exhibits a typical
of brittle
transcrystalline fracture, as shown Fig. 11. However, for
all the canned NiTi samples with the diameters of the
steel ranging from 6 mm to 20 mm, the reduction in
height by 50% leads to no fracture of the NiTi samples.

In order to further understand plastic deformation
sample under local canning
compression, microstructural evolution in the principal
deformation zone of NiTi alloy is investigated.

characteristic fracture along with the

mechanism of NiTi

Figure 12 shows the TEM images and the selected
area electron diffraction pattern (SAEDP) of the
as-received NiTi bar. It can be seen from Fig. 12 that the
as-received NiTi bar is characterized by a coarse grain
and is composed of a typical B2 austenite phase and a
little Ti,Ni phase. Figure 13 shows the TEM images, the
SAEDP, the HRTEM image and the corresponding fast
Fourier transform (FFT) of the NiTi sample subjected to

Fig. 11 Fractograph of uncanned NiTi alloy under compression:
(a) SEM image; (b) Optical microstructrue

the reduction in height by 50%. It can be found from
Fig. 13 that the plastic deformation at the reduction in
height by 50% provides a certain driving force to induce
the occurrence of the nanocrystalline phase along with an
extremely small amount of amorphous phase. In addition,
the stacking faults, the dislocations and the twins occur
in the retained nanocrystalline phase, which reveals that
the deformation twinning and dislocation slip play an
important role in nanocrystallization and amorphization
of NiTi alloy.

5 Conclusions

1) Local canning compression of NiTi alloy causes
it in a three-dimensional compressive stress state, which
contributes to suppressing the initiation and growth of
the micro-cracks and thus enhancing the plasticity of
NiTi alloy. The analytical and experimental results reveal
that increasing the outer diameters of the steel can
contributes to enhancing the hydrostatic pressure, which
lays the mechanical foundation for severe plastic
deformation of NiTi SMA, and there exists the critical



2912 Shu-yong JIANG, et al/Trans. Nonferrous Met. Soc. China 23(2013) 29052913

[001]5

Fig. 12 TEM images of as-received NiTi alloy: (a) Bright-field image showing Ti,Ni phase embedded in NiTi matrix; (b) SAEDP
showing B2 austenite structure of NiTi matrix; (¢) SAEDP showing Ti,Ni phase structure.

Fig. 13 Microphotographs of NiTi sample subjected to plastic deformation at reduction in height by 50%: (a) TEM dark field image

showing occurrence of nanocrystalline phase; (b) HRTEM image showing presence of nanocrystalline phase and amorphous phase;

(c) FFT of zone 4 in (b) showing nanocrystalline phase with stacking faults; (d) FFT of zone B in (b) showing nanocrystalline phase

with (001) compound twins and dislocations; (¢) FFT of zone C in (b) showing amorphous phase

outer diameter of the steel can, beyond which increasing
the outer diameter of the steel can is unable to enhance
the hydrostatic pressure substantially.

2) Local canning compression of NiTi alloy meets
the von-Mises yield criterion at the true strains ranging
from 0.15 to 0.50. When the true strain is less than 0.15,
the NiTi sample will experience elastic
deformation and subsequent stress-induced martensite
phase transformation. When the true strain is greater than
0.50, NiTi sample is subjected to so severe plastic
deformation leading to its nanocrystallization or

initial

amorphization that it is unable to meet the von-Mises
yield criterion.

3) Local canning compression provides a new
approach to implementing large plastic deformation of
NiTi alloy. Plastic deformation at the reduction in height
by 50% provides a certain driving force to induce the
occurrence of the nanocrystalline phase along with an
extremely small amount of amorphous phase.
Furthermore, deformation twinning and dislocation slip
play an important role in nanocrystallization and
amorphization of NiTi alloy.
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