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A Combined Analytic, Numeric, and Experimental
Investigation Performed on NiTi/NiTiCu Bi-Layer
Composites under Tensile Loading
Milad Taghizadeh, Mahmoud Nili-Ahmadabadi,* Mostafa Baghani,
and Mohammad Hassan Malekoshoaraei
Adjusting mechanical behavior and controlling deformation parameters are
significant tasks in designing shape memory components. In this paper, an
analytical model describes the deformation behavior of NiTi/NiTiCu bi-layer
composites under tensile loading. Different deformation stages are consid-
ered based on single mechanical behavior at each stage. Closed-form
equations are derived for stress–strain variations of bi-layer composites under
uniaxial loading–unloading. Bi-layer composites made via the diffusion
bonding method from single layers of NiTi alloy with a composition of Ti-
50.7 at.% Ni, as an austenitic layer, and Ti-45 at% Ni-5 at% Cu, as a
martensitic layer, are produced by the vacuum arc remelting technique. The
tensile behavior of single- and bi-layers is investigated by using loading–
unloading experiments to find the nominal stress–strain curves. Numerical
simulations are also done by employing Lagoudas constitutive model to
simulate stress–strain diagrams. The solutions of the analytical method
presented are validated by using the numerical simulations as well as the
experimental results. With regard to the results obtained from the analytical
modeling, the numerical simulations, and the experiments, it is evident that
the bi-layer composites with different thickness ratios provide adjustable
mechanical behavior that can be considered in different application designs,
for example, actuators equipped with shape memory components.
1. Introduction

Shapememory alloys (SMAs) as a subgroupof smartmaterialswith
two well-known characteristics known as pseudo-elasticity and
shape memory effect enjoy a special place on a wide range of
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applications such as actuation mechanisms.
The capability of SMAs in shape changing,
along the direction of force due to a solid state
transformation induced by stress or temper-
ature, can be used in designing actuators.
SMAs have low controllability in both
thermally and stress-induced transforma-
tions; thus, controlling the deformation
parameters such as the plateau stress, the
transformation, and the pseudo-elastic strain
can be an interesting technique to reach
adjustablemechanical behavior in the design
of SMA components.[1–4]

Typically, NiTi alloys under tensile load-
ing reveal that large strains take place over a
constant value of stress known as Lüders-
type deformation.[5,6]Manyparameters such
as the amount of cold rolling and the
annealing time as well as temperature affect
these mechanical properties. However,
employing different experimental proce-
dures to improve the properties, results in
desirable and different mechanical behav-
iors to some extent.[7–10] Moreover, using
composite, multi-layered or functionally
graded NiTi-based components produces
differentmechanical characteristics that can
be useful in different applications.[11–15]
Recently, a bi-layered NiTi thin film deposited on Si substrate
exhibited a combined pseudo-elastic behavior and shapememory
effect at the same time. Furthermore, thermal hysteresis is also
reduced due to its superior properties.[16] So far, many
investigations have been conducted on the analytical modelling
of functionally graded NiTi-based components as well as
multilayer thin films.[17–22] Generally, analytical models predict
the global responseofSMAcomponentsunder tensile loadingand
bending. Analytical models are useful tools to predict the
mechanical response of SMA components that are capable of
reducing difficulties appearing in experimental tests.

More recently, SMAs produced by laser method,[23–29] have
been considered in many applications. In many of these
methods, a temperature gradient generated through the laser
pulses can control the microstructure of thematerial resulting in
gradient properties which lead to the control of the strain by the
stress in the plateaus, and also in controlling the transformation
strain. However, controlling the temperature gradient with laser
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pulses has its own difficulties and requirements.[30,31] Another
technique employed to adjust the mechanical properties in SMA
components is to develop NiTi/NiTiCu bi-layer composites with
different thickness ratios that have been made by the diffusion
bonding method.[32] Investigations performed on the diffusion
evaluation at the interface of bonding[33] illustrate that with an
increase in the bonding times, the diffusion depth for the
components increases, and results in the manufacture of
functionally graded SMAs.Moreover, structural parameters such
as the thickness ratio affect the mechanical response of the NiTi/
NiTiCu bi-layers. In addition to the potential of the NiTi/NiTiCu
bi-layer composite manufacturing due to the feasibility of
production by diffusion bonding of the single layers, controlling
the properties is provided not only by the annealing temperature,
but also by the geometrical and structural parameters. For
instance, changing the thickness ratios leads to a more handling
condition.[32]

Although several analytical models have been proposed to
describe the functionally graded SMAs, to the best knowledge of
the authors, there is no analytical model reported in the literature
to describe the deformation behavior of the NiTi/NiTiCu bi-layer
composites. This paper provides closed-form solutions for
stress–strain variations in the NiTi/NiTiCu bi-layer composites
under tensile loading-unloading conditions. These solutions are
useful for the investigation of the deformation behavior of the
NiTi/NiTiCu bi-layer composites with different geometrical and
mechanical parameters.
2. Definition of Deformation Parameters

The material parameters for the single-layers of NiTi alloy are
defined on the basis of ideal pseudo-elastic and de-twining
responses. Figure 1a illustrates the ideal pseudo-elastic behavior
in tension; the ideal de-twining ofmartensite in tension; and also
the ideal de-twining of the martensite in compression to NiTi
SMAs. In Figure 1a, sM and sA are the forward and the reverse
transformation stresses, while eMand eA stand for the forward
Figure 1. a) Definition of the deformation parameters of the NiTi single lay
tension and compression for austenitic layer and martensitic layer, b) g
dimensions of the NiTi/NiTiCu bi-layer composite.
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and the reverse transformation strains, respectively. The
apparent elastic moduli of the austenite is denoted by EA. In
Figure 1a, sDTS and sDTF are the de-twining start and finish
stresses in tension for the martensitic layer, respectively and eDT
is the de-twinning strain in tension for the martensitic layer. eR
denotes the residual strain after unloading of the martensitic
layer in tension. ss and sf are the de-twining start and finish
stresses, and eDC denotes the de-twining strain in compression to
the martensitic layer. a and b show the plateau slope for the
martensitic layer in tension and compression, respectively.

Due to the asymmetrical behavior observed in tension-
compression and also in loading-unloading for NiTi SMAs,[34]

six different modulus of elasticity were considered for the
martensite phase, denoted by EM1 to EM6 for loading and
unloading in tension for both layers and loading in compression
to the martensitic layer, respectively as in Figure 1a.

Figure 1b shows a NiTi/NiTiCu bi-layer composite of length L,
width b, and thickness t. The composite consists of two single
layers named A and M, which possess pseudo-elastic and shape
memory behavior at room temperature, respectively. Such
composites can be produced through the diffusion bonding
technique from single-layer sheets, with different thickness
ratios in a vacuum furnace. The composite is subjected to a
tensile loading F along its length (y-direction).

Figure 2 schematically plots eight different deformation
stages based on the ideal mechanical behavior for each layer
introduced in Figure 1a. It should be noted that in order to
reduce complexity in the analysis, it is assumed that the
beginning and the end point of each stage precisely match the
stress–strain curves at critical points where according to the
results observed in the experimental section, under a constant
tensile testing temperature for both the single- and the bi-layers,
this assumption seems to be reasonable. According to Figure 2a,
three deformation stages are considered for loading of the bi-
layer composite. Due to the complexity of the deformation, in the
unloading path while involving the compressive stress in the M
layer, five deformation stages are considered for unloading of the
bi-layer composite as shown in Figure 2b.
er plate in
eometrical

of 10)
3. Developing an Analytical
Mathematic Model

In this section, at first, a step to step analytical model
is proposed to predict the tensile behavior of the
NiTi/NiTiCu bi-layer composites based on some
principles of the mechanics of materials, then the
capability of the presented model for different
structural parameters is investigated and the rele-
vant results are provided.
3.1. Derivation of Closed-Form Stress–Strain
Relations for the NiTi/NiTiCu Bi-Layer
Composite

This subsection is related to thenominal stress–strain
relation development of the NiTi/NiTiCu bi-layer
composites. According to Figure 1b, the NiTi/NiTiCu
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Deformation stages of the NiTi/NiTiCu bi-layer composite for
a) loading, b) unloading.
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bi-layer composite is loaded along the longitudinal direction.
The nominal stress (s) and strain (e) are then defined as:

s ¼ F
bt
;

e ¼ DL
L

ð1Þ

where L is the initial length of composite and DL is the total
deformation of the composite in the longitudinal direction. It is
assumed that the bi-layer composite remains straight during the
loading and subsequent unloading, thus the mode of deforma-
tion is iso-strain rather than iso-stress which means both the
austenitic and martensitic layers have the same total deforma-
tion along the longitudinal direction.

3.1.1. Stage (1) 0 � e < sDT

EM2
¼ sM

EA

At this stage, the A layer is in the austenite phase and theM layer
is in themartensite phase. Since the amount of stress is less than
the required value to start the stress-induced transformation at
the A layer and the de-twinning of the twined martensite in the
M layer, both layers follow Hooke’s law; therefore, the nominal
stress–strain relation in each layer is

sAus ¼ EA:e;

sMar ¼ EM2:e ð2Þ

where sAus and sMar are the nominal stresses for the austenitic
and the martensitic layers, respectively. The total load Ft can be
found from

Ft ¼ FA þ FM ð3Þ

where FA and FMare the austenitic layer and themartensitic layer
forces, respectively as in Equations. 1 and 2 as

FA ¼
Z

sAus:dA ¼ EA:e:b:h;

FM ¼
Z

sMar :dA ¼ EM2:e:b: t� hð Þ ð4Þ
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Inserting Equation 4 into 3 and in the light of Equation 1, the
nominal stress–strain relation is given as

s ¼ EA:
h
t
þ EM2:

t� hð Þ
t

� �
:e ð5Þ
3.1.2. Stage (2) sM
EA

� e < sM
EA

þ eDT

During this stage, the stress-induced martensitic transformation
and the de-twining of the twined martensite start within the A
and the M layer, respectively; thus, the force in each layer is
calculated as follows

FA ¼
Z

sAus:dA ¼ sM:b:h;
FM ¼
Z

sMar :dA ¼
Z

a: e� sDTS

EM2
� sDTS

a

� �� �
:dA

¼ a: e� sDTS

EM2
� sDTS

a

� �� �
:b: t� hð Þ ð6Þ

Inserting Equation 6 into 3 and using Equation 1, the nominal
stress–strain relation is given as

s ¼ sM:h
t

þ a: e� sDTS

EM2
� sDTS

a

� �� �
:
t� hð Þ
t

� �
ð7Þ
3.1.3. Stage (3) e � sM
EA

þ eDT

This stage starts when the de-twinning of the twined martensite
ends in theM layer and the de-twinned martensite is in its linear
elastic stage, while the stress-induced phase transformation is
still ongoing in the A layer. At the end of this stage, the stress-
induced phase transformation in theA layer ends and both layers
are in the de-twinned martensite phase. Thus, the amount of
stress in the M layer is found as

sMar ¼ EM3 e� eDT þ sDTS

EM2
� sDTF

EM3

� �� �
ð8Þ

Considering Equation 1, the amount of FA and FM are recast as

FA ¼
Z

sAus:dA ¼ sM:b:h;

FM ¼
Z

sMar :dA ¼ EM3:e:b: t� hð Þ

�EM3: eDT þ sDTS

EM2
� sDTF

EM3

� �
:b: t� hð Þ ð9Þ

Inserting Equation 9 into 3 and using Equation 1, the nominal
stress–strain relation is given as

s ¼ sM:h
t

�
EM3: eDT þ sDTS

EM2
� sDTF

EM3

� �
: t� hð Þ

t

0
@

1
A

þ EM3: t� hð Þ
t

� �
:e ð10Þ
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Equations 5, 7, and 10 describe the nominal stress–strain
relations of the NiTi/NiTiCu bi-layer composite during the
tensile loading. As discussed before, because of the complexity of
deformation occurring in the unloading path, five deformation
stages named (4)–(8) are considered for the unloading of the
bi-layer composite.
3.1.4. Stage (4) e � sA

EA
þ eA

This stage is related to the elastic unloading of the de-twinned
martensite phase in both layers. This stage ends when the
reverse phase transformation starts in the A layer. According to
Hook’s law, the nominal stress–strain relation in each layer has
the following forms

sAus ¼ EM1 e� eA þ sA

EA
� sA

EM1

� �� �
;

sMar ¼ EM4 e� eRð Þ ð11Þ

With regard to Equation 1, the amounts of FA and FM are
found as

FA ¼
Z

sAus:dA ¼ EM1:e:b:h� EM1: eA þ sA

EA
� sA

EM1

� �
:b:h;

FM ¼
Z

sMar :dA ¼ EM4:e:b: t� hð Þ � EM4 � eR:b: t� hð Þ ð12Þ

Inserting Equation 12 into 3, with the aid of Equation 1, the
nominal stress–strain relation is identified as

s ¼ EM1:
h
t
þ EM4:

t� h
t

� �
e

� EM1: eA þ sA

EA
� sA

EM1

� �
:
h
t
þ EM4:eR:

t� hð Þ
t

� �
ð13Þ
3.1.5. Stage (5) eR � e < sA
EA

þ eA

During this stage, the reverse transformation from the
martensite phase to the austenite phase initiates and progresses
at the A layer, while theM layer is still unloaded linearly until the
stress vanishes. Thus, the amount of constant stress in the A
layer is sA and for the M layer it is calculated via Equation 11.
Considering Equation 1, the amounts of FA and FM are

FA ¼
Z

sAus:dA ¼ sA:b:h;

FM ¼
Z

sMar :dA ¼ EM4:e:b: t� hð Þ � EM4 � eR:b: t� hð Þ ð14Þ

Combining Equations 1, 3, and 14, the nominal stress–strain
relation is obtained as

s ¼ EM4:
t� hð Þ
t

� �
eþ sA:

h
t
� EM4:eR:

t� hð Þ
t

� �
ð15Þ
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3.1.6. Stage (6) eR � ss
EM5

� e < eR

At this stage, the M layer goes under compression, while the
reverse phase transformation is still governing in the A layer.
This stage ends when the M layer reaches the end of the linear
elastic deformation limit in compression. The amount of the
constant stress in the A layer is sA and for the M layer becomes

sMar ¼ EM5 e� eRð Þ ð16Þ

With regard to Equation 1, the amounts of FA and FM are
found as

FA ¼
Z

sAus:dA ¼ sA:b:h;

FM ¼
Z

sMar :dA ¼ EM5:e:b: t� hð Þ � EM5 � eR:b: t� hð Þ ð17Þ

Inserting Equation 17 into 3while having Equation 1 in mind,
the nominal stress–strain relation is expressed as

s ¼ EM5:
t� hð Þ
t

� �
eþ sA:

h
t
� EM5:eR:

t� hð Þ
t

� �
ð18Þ
3.1.7. Stage (7) sA

EA
� e < eR � ss

EM5

This stage starts when the linear elastic deformation limit for
compression ends in the M layer. Based on previous
researches,[35] unlike the tensile loading, under the compressive
loading, the material is quickly strain hardened because of the
dislocation generation in both the martensite twin plates and the
junction plane areas and thus, no clear stress-plateau is
observed. Since the de-twinning is more favored in tension
compared to the compression,[36] it is deduced that in
compression, the combination of dislocation generating mecha-
nism and de-twinning influenced the stress–strain curve in the
plateau region, while in tension, the de-twinning mechanism is
becoming dominant. In this analytical model, the effects of
dislocation generation in compression on the plateau slope is
considered in b parameter. This stage ends when the de-
twinning in compression ends in theM layer. During this stage,
the reverse phase transformation is still ongoing in the A layer.
The amount of stress for the A layer is sA and for the M layer is
calculated by

sMar ¼ b e� eR � ss

EM5
þ ss

b

� �� �
ð19Þ

Considering Equation 1, the amounts of FA and FM are

FA ¼
Z

sAus:dA ¼ sA:b:h;

FM ¼
Z

sMar :dA

¼ b:e:b: t� hð Þ � b: eR � ss

EM5
þ ss

b

� �
:b: t� hð Þ ð20Þ
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Inserting Equation 20 into 3 and using Equation 1, the
nominal stress–strain relation is recast as

s ¼ b:
t� hð Þ
t

� �
:e

þ sA:h
t

� b: eR � ss

EM5
þ ss

b

� �
:
t� hð Þ
t

� �
ð21Þ
Figure 3. Analytical model predictions for the nominal stress–strain
diagrams for the NiTi/NiTiCu bi-layer composite: a) compared to the
single layers, (b) different thickness ratios of A–M.
3.1.8. Stage (8) 0 � e < sA
EA

This step represents the unloading of the full austenite phase in
the A layer and further loading of the de-twined martensite
under compression for the M layer. At the end of this stage, the
total deformation of the composite returns to zero. Considering
Hook’s law, the nominal stress–strain relation in each layer is

sAus ¼ EA:eA;

sMar ¼ EM6 e� eR � ss

EM5
� eDC þ sf

EM6

� �� �
ð22Þ

Employing Equation 1, the amounts of FA and FM are

FA ¼
Z

sAus:dA ¼ EA:e:b:h;

FM ¼
Z

sMar :dA

¼ EM6:e:b: t� hð Þ
� EM6: eR � ss

EM5
� eDC þ sf

EM6

� �
:b: t� hð Þ ð23Þ

Inserting Equation 23 into 3, and employing Equation 1, the
nominal stress–strain relation is given by

s ¼ EA:
h
t
þ EM6:

t� h
t

� �
e

� EM6: eR � ss

EM5
� eDC þ sf

EM6

� �
:
t� h
t

� �
ð24Þ

Equations 5, 7, 10, 13, 15, 18, 21, and 24 describe the nominal
stress–strain relation of the NiTi/NiTiCu bi-layer composite at
the deformation stages defined in Stages (1)–(8).
3.2. Analytical Model Predictions for the NiTi/NiTiCu Bi-
Layer Composite

Figure 3a shows the nominal stress–strain plot of a NiTi/NiTiCu
bi-layer composite with 2:1 (M:A) ratio under uniaxial tensile
loading, employing the close-form solution derived from the
preceding section with the material parameters listed in Table 1.
It should be point out that the material parameter identification
method for the data given in Table 1 is expressed in the following
experimental section. The dash-line curve in Figure 3a is the
Adv. Eng. Mater. 2017, 00, 1700395 1700395 (5
stress–strain behavior of the single A layer, and the dot-line is
related to the stress–strain behavior of the single M layer. The
solid line is related to the stress–strain behavior of the NiTi/
NiTiCu bi-layer composite. As seen in Figure 3a, the stress–
strain curve for the NiTi/NiTiCu bi-layer composite lies between
the A and theM layer stress–strain curves and the plateau stress
for the composite follows the rule of mixtures. The transforma-
tion strain for the bi-layer sample is smaller than that of the A
layer and is larger than the de-twinning strain of the M layer.

Figure 3b depicts the nominal stress–strain diagrams of nine
bi-layer composites with differentA toM thickness ratios. As one
may observe from Figure 3b, a change in thickness ratios, results
in a change in the stress–strain diagrams. Larger values ofA toM
thickness ratio lead to an increase in the stress plateau as well as
in the pseudo-elastic strain. Consequently, employing different
A toM ratios results in various transformation strains. Thus, the
NiTi/NiTiCu bi-layer composites with different thickness ratios
provide adjustable mechanical behaviors that are useful in the
design procedure of structures with SMA components.

It should be noted, in order to avoid a significant amount of
dislocation generation and maintain the shape memory
property,[37] it is more appropriate that the M layer does not
experience the compression after tension. For this purpose, the
thickness ratio should be considered in such a way that the M
layer does not go under compression. The critical value of the
thickness ratio to prevent the M layer from entering the
compression stage can be achieved by equalizing the force
relationship of the layers. For this purpose, in stage 7, by dividing
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
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Table 1. Material properties of the NiTi/NiTiCu bi-layer composite.

sM
MPa	½

sA
MPa	½ eM eA eDT eDC eR

ss

MPa	½
sf

MPa½ 	
a

½GPa	
380 100 0.050 0.045 0.030 0.028 0.047 100 240 1.83

EA
GPa½ 	

EM1

GPa½ 	
EM2

GPa½ 	
EM3

GPa½ 	
EM4

GPa½ 	
EMS

[GPa]

EM6

GPa½ 	
sDTS

MPa½ 	
sDTF

MPa½ 	
b

GPa½ 	
45 25 6.5 6.5 25 20 20 55 110 5
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ss by sA; the critical value of the thickness ratio is equal to 1.
Thus, for the A/M thickness ratios less than 1 (t� h> h), the M
layer does not experience the compressive behavior in the
unloading of the composite.

4. Experimental Section

To validate the analytical solutions proposed in the previous
section, the A layer with Ni-rich Ti-50.7at%Ni composition and
the M layer with Cu-included Ti-rich, Ti-45at%Ni-5at%Cu
composition were prepared by alloying and using a vacuum
arc melting furnace followed by forging, solution annealing, and
also hot and cold rolling to reach the desirable thicknesses
(0.6mm for tensile and 3mm for compressive specimens). At
this step, the sheets that are supposed to be used for the single
layers and compressive samples, experience the final 30-min
annealing at 500 �C to improve the shape memory and
superelasticity characteristics. Also, X-ray Diffraction (XRD)
analysis of the bulk samples are performed using Cu-Ka to
recognize the room temperature phases with the scan speed of
0.125� min�1 from 30� to 50� as shown in Figure 4a. The solid
line related to the austenitic sample illustrates only the austenite
peak where the diffraction pattern of the martensitic sample
(dashed line) shows the martensite phase peaks. In other words,
the A and the M layer samples contain fully austenite and fully
martensite phases in ambient temperature, respectively.

For the bi-layer samples, sheets of specimen A and M with a
dimension of 2� 1mm2 were ground by 400, 800, 1200, 2000,
Figure 4. a) XRD patterns for the A and M layer of the NiTi alloy used in expe
exploded view drawing for super alloy fixture used in sample construction
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and 4000 grit SiC papers and polished by means of a 40-nm
colloidal Alumina suspension. Layers with 3:1 and 2:1 ratio
(M:A) were bonded under diffusion bonding process in a
vacuum tube furnace at 1000 �C for 3 h and under 20MPa
compressive stress applied by a super alloy fixture as
schematically shown in Figure 4b. Afterwards, 20% rolling
followed by a final 30-min annealing at 500 �Cwas conducted on
the bonded layers to improve the shape memory and super-
elasticity characteristics. The experimental results and theoretical
calculationsobtained fromtheanalysisof linescanand thediffusion
equation under the above annealing condition, confirmed that the
diffusion depths for Ni and Cu were about 30 and 15mm,
respectively, also the SEM images from the interface of bonding
confirmed that the A and the M layers were still in their initial
phase.[32,33] Although the interface of bonding could affect the
mechanical behaviorof theNiTi/NiTiCubi-layers,with regard to the
total thickness of composite, the fraction of concentration gradient
area under above annealing condition is negligible (�0.05); so, it is
assumed that the A and the M layers maintain their full pseudo-
elastic and full de-twinning properties after the diffusion bonding.

Tensile and Compressive samples were prepared through the
electric discharge machining. The gauge length of the single
layer tensile samples was 30mm. Compressive test samples
were 2mm in diameter and 2.4mm in height. The gauge length
of the bi-layer tensile samples was 10mm.

Tensile behavior of the single-layers as well as the bi-layers
was investigated by using a two-step method with the strain rate
of 2.8� 104S1. At the first step, samples were loaded up to
riments, b)
stage.

of 10)
certain amounts of displacement and at the second
step, the displacement was set to zero. Moreover,
the compressive behavior of the M layer was
investigated for those stages requiring compressive
behaviors under the same condition and strain rate.
The nominal stress–strain curves of the single-
layers for the tensile and compressive behavior as
well as the bi-layers for tensile behavior are
measured.

Thermal recovery of strain for the bi-layers was
investigated by using a three-step method. At the
first step, samples were loaded up to a certain
amount of force. At the second step, the force was
set to zero until the bi-layer composite was fully
unloaded. At the third step and after a 10-s delay, the
samples were heated through an electric current for
30 s by connecting wires to their ends. The thermal
strain recovered for both specimens with two
different thickness ratios, was measured for a
period of 30 s.
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Experimental stress–strain diagrams of the NiTi single layers under uniaxial loading; a) the austenitic layer under tension; b) the martensitic
layer under tension; and c) the martensitic layer under compression.
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Experimental Tensile and Compressive Tests on the NiTi Single
Layers: Figure 5a shows the full superelastic behavior under 6%
tensile strain for the A layer. Because of the stress-induced phase
transformation and with the application of stress, the martensite
becomes more stable, but as the stress is unloaded, the
martensite phase experiences instability. The upper plateau
represents the formation of martensite phase under stress, while
the lower plateau manifests the reversion of the SIM leading to
the formation of the austenite phase when the stress is released.
Since only one martensite variant is formed under the stress,
there is a significant shape change which is fully recovered upon
the release of the stress after a certain amount of strain.[38]

Figure 5b illustrates the de-twinning process for the twinned
martensite taking place in the M layer under 6% tensile strain
which results in the appearance of the stress plateau in the
stress–strain curves. Experimental results reveal that, at the
testing temperatures below the austenite start temperature AsÞð ,
a stress-plateau is observed under the tensile deformation. With
the application of further deformation beyond the stress-plateau,
more reorientation, and de-twinning of the martensite twins
occur, that are less favorable to the applied stress. In this area, the
deformation of martensite twins goes along with a further rise in
the applied force.[39]

Figure 5c shows the stress–strain diagram of the martensitic
layer under uniaxial compressive loading. According to
Figure 5b, there is asymmetrical behavior in the tension and
compression as previously reported in, for example.[35] As
mentioned in Section 3, unlike the tensile loading, under the
compressive loading, the material is quickly strain-hardened,
Adv. Eng. Mater. 2017, 00, 1700395 1700395 (7
and no observable stress-plateau exists. Employing the experi-
mental data plotted in Figure 5, the transformation and material
properties of the NiTi/NiTiCu bi-layer composite were calibrated
as tabulated in Table 1. For this purpose, a number of dashed
lines were tangent to the stress–strain curves of the single layers
and the material parameters were calculated through measuring
the length and slopes of the dashed lines.

Experimental Tensile Tests on the NiTi/NiTiCu Bi-Layers:
Figure 6a shows the stress–strain diagram of the NiTi/NiTiCu
bi-layer composites under uniaxial tensile loading. As shown in
Figure 6a, similar to the predictions made by the analytical
model in the previous sections, increasing the A–M thickness
ratio, increases the stress plateau and the pseudo-elastic strain to
the higher levels, and therefore results in the higher
transformation strains. Furthermore, considering the stress
plateaus shown in Figure 5, for both the A and the M layer in
tension, the stress plateau for the NiTi/NiTiCu bi-layer
composites lies between the stress plateaus experimentally
observed in the single layers.

Figure 6b shows the diagram of thermal recovery of the strain
versus time. As shown in Figure 6b, the remaining strain shown
in Figure 6a is fully recovered by heating the samples due to the
shape memory properties of the M layer. It is also observed that
the amount of the recovered strain is increased for the 3:1 (M:A)
thickness ratio that confirms that as the amount of the M layer
increases, the amount of the shape memory strain grows and
consequently the amount of pseudoelastic strain decreases. This
behavior could be observed by the slope changes at the unloading
stage in the stress–strain diagrams shown in Figure 6a. This
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
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Figure 7. The nominal stress–strain curves of the NiTi/NiTiCu bi-layer
composites under uniaxial tensile loading; a) 2:1 ratio (M:A), b) 3:1 ratio
(M:A).

Figure 6. a) The experimental tensile stress–strain diagram of the NiTi/
NiTiCu bi-layer composites under uniaxial loading, b) thermal recovery of
the bi-layers after loading-unloading tensile test.
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means that changing the thickness ratio in the bi-layer
composites, the stress and the strain of the plateau and also
the shape memory and pseudo-elastic strain can be adjusted to
arrive at the desirable values.

It should be noted that due to the asymmetry of the structure
after unloading the composites provided, a small bent toward the
austenitic layer which was previously reported is observed.[18,32]

Comparison of the Analytical Model Predictions with the
Experiments and FEM Studies: By introducing the parameters
defined in Table 1 into the set of stress–strain formulations
proposed in Section 3, the stress–strain response of the NiTi/
NiTiCu bi-layer composite is analytically predicted for two
thickness ratios.

FEM studies were conducted using the constitutive model
developed by Lagoudas et al.,[40] through a user-defined
subroutine UMAT in conjunction with constitutive behavior
definition in ABAQUS for simulating the stress–strain
Table 2. Lagoudas constitutive model parameters used in the FEM analysi

D

Properties EA GPa	½ EM GPa½ 	 H rDsA [Pa K�1]

A layer 45 25 0.045 –32143

M layer 45 15 0.047 –2350000
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diagrams. The material parameters required by the SMA_UM
subroutine are Young’s moduli of both austenite and martensite
(EA and EM); the martensite start and finish and the austenite
start and finish temperatures (Ms,Mf ,As, and Af , respectively);
the maximum transformation strain (H); and the austenite and
martensite stress influence coefficients (rDsA and rDsM,
respectively). These material parameters are shown in Table 2
calculated by using the stress–strain curve data extracted from
Figure 5. The NiTi/NiTiCu bi-layer composites with different
thickness ratios were designed and numerically analyzed in
ABAQUS Software. For overall comparison, the results of the
experimental tests, FEM studies, and analytical model are shown
in Figure 7. It is observed that the analytical model predictions
are in a good agreement with the experimental observations as
well as with the FEM studies.

Figure 8 illustrates the effects of changing A/M ratio on the
plateau stress and strain of the NiTi/NiTiCu bi-layer composites
s for the NiTi/NiTiCu bi-layer composite

imension

rDsM [Pa K�1] Ms [K] Mf [K] As [K] Af [K]

–108917 175 133 192 223

–1292500 330 316 334 347
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Figure 8. The effects of changing the thickness ratio on the plateau stress
and strain of the NiTi/NiTiCu bi-layer composite.
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obtained from the analytical and FEM methods. In order to
validate the results of the analytical modeling and simulations,
the experimental results of the plateau stress and strain of
composites with two thickness ratios are presented in Figure 8.
With regard to the results of the analytical modelling, FEM study,
and experimental tests, it is evident that the bi-layer composites
with different thickness ratios show different deformation
parameters; varying the relative thickness of the layers leads to
more handling condition that can be considered in designing
SMA components.
5. Summary and Conclusions
1)
Adv
NiTi/NiTiCu bi-layer composites consisting of austenitic and
martensitic layers with different thickness ratios are
produced by the diffusion annealing at 1000 �C and
20MPa compressive stress for 3 h in a vacuum furnace. In
order to improve the pseudo-elasticity and shape memory
properties, the samples were cold rolled and annealed at
500 �C for 0.5 h in a vacuum furnace. The bi-layer composites
show adjustable behavior and varying the relative thickness
of the layers results in varying plateau stress and strain and
also shape memory and pseudoelastic strain.
2)
 An analytical model is proposed to describe the deformation
behavior of the NiTi/NiTiCu bi-layer composites during
uniaxial tensile loading–unloading and the closed-form
equations are derived for the nominal stress–strain varia-
tions. FEM studies are conducted using Lagoudas 3D
constitutive model implemented in a user-subroutine UMAT
in conjunction with constitutive behavior definition in
ABAQUS for simulating the stress–strain diagrams. The
model shows a good agreement with both the experimental
and FEM results.
3)
 Increasing the A/M thickness ratio in the NiTi/NiTiCu bi-
layer composites increases the stress plateau, the transfor-
mation, and the pseudo-elastic strain to higher levels, while
decreasing the shape memory strain. Therefore, the NiTi/
NiTiCu bi-layer composites with different thickness ratios
. Eng. Mater. 2017, 00, 1700395 1700395 (9
provide a combination of adjustable mechanical behaviors
that can be considered in the design of SMA components.
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