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Abstract: A large number of criteria to model the onset of plasticity for ductile metals have been
proposed by researchers in the last century. Strangely, very few researchers have tried to model the
stress-induced crystalline phase transformation of Shape Memory Alloys (SMAs) according to yield
criteria. This paper focuses on the question: is a yield criterion originally proposed for describing the
plastic behavior of metals suitable to model the “pseudoelastic” behavior of SMAs? To answer this
question, two yield criteria originally proposed by the present author are used to predict the initial
surface of transformation onset of two different SMAs: Cu-Al-Be and Ni-Ti alloy. The predicted
initial transformation onset surfaces of the two SMAs are compared with experimental results and
existing theories reported in the literature and some significant conclusions and recommendations
are given.

Keywords: transformation condition; initial surface of transformation onset; martensite start surface;
yield criterion; shape memory alloy

1. Introduction

Shape memory alloy (SMA) is a new functional material that can change crystalline
phase at certain temperatures and stress levels, i.e., the so-called martensitic transforma-
tion [1-3]. With unique characteristics such as the “shape memory effect” and “pseu-
doelastic” behavior, SMAs have been widely used in aeronautics and astronautics [4-6],
robotics [7,8] and medical devices [9,10], etc. Some of the applications involve the design
of a linear actuator for high cycle duty using the one-way shape memory effect in SMA
springs [11-13]. For more information on the applications of SMAs, one may refer to
Costanza and Tata [14] and Malik et al. [15]. In addition to the widespread application of
martensitic strengthening in steel, martensitic transformation can also be used to control
deformation and improve the properties of metals in heat treatment [15]. As the unique
characteristics of SMAs are related to martensitic transformation, accurate and reliable
prediction of the hysteresis response is especially important [16]. For better application of
SMAs, the mechanical behavior of SMAs under multiaxial proportional and nonpropor-
tional loadings has been studied extensively by means of both experiments and macroscopic
models [17-20]. On the other hand, the asymmetric transformation behavior of SMAs has
also been studied in experiments and molecular dynamics simulations [21-23]. In order to
promote the application of SMAs at high temperature, various studies tried to increase the
transformation temperatures of SMAs by adding alloying elements [24-27].

The martensitic transformation in SMAs is generally driven in two ways: temperature
changes or applied stresses [1]. The present paper focuses on the “pseudoelastic” behavior
of SMAs, i.e., the stress-induced phase transformation under isothermal conditions. We
try to model the stress-induced crystalline phase transformation onset of SMAs using
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macroscopic models. As we know, the transformation onset surface of SMA is the boundary
of the domain, inside of which the martensite phase transformation is not activated, while
the yield surface is the boundary between elasticity and plasticity. However, both surfaces
are boundaries of domain in stress space. Therefore, it is reasonable to describe similar
models to them. In fact, the famous von Mises yield criterion was previously used to
describe the crystalline phase transformation onset of SMAs [28]. In order to describe the
plastic behavior of metallic materials, a large number of yield criteria have been proposed
in the last century. Some of them are widely used in industrial applications, such as the
famous Tresca [29] and von Mises criterion [30] for isotropic materials, and the anisotropic
criteria proposed by Hill [31], Barlat et al. [32], Banabic et al. [33], Cazacu et al. [34] and
Yoon et al. [35]. However, very few researchers have tried to model the initial surface of
transformation onset of SMAs according to yield criteria. To this end, the present paper
tries to model the “pseudoelastic” behavior of SMAs according to yield criteria originally
proposed for describing the plastic behavior of metals, and goes a step further to answer
the question: is a yield criterion originally proposed for describing the plastic behavior
of metals suitable to model the “pseudoelastic” behavior of SMAs? In the following, two
yield criteria for pressure-insensitive metals originally proposed by the present author will
be introduced briefly.

2. Tension—-Compression Asymmetric Yield Criteria

The present author [36] proposed an isotropic yield criterion that can model the
yielding asymmetry of pressure-insensitive metals, hereafter called J,-J5 criterion. Further,
the isotropic J»-]J3 criterion is extended to orthotropy to take plastic anisotropy into account,
hereafter called J-J§ criterion. The J,-J5 criterion has not been applied to any materials,
while the J9-J9 criterion can describe the plastic anisotropy and yielding asymmetry of
several metallic materials very well, showing excellent predictive ability and flexibility.

In order to model the “pseudoelastic” behavior of SMAs, the two yield criteria men-
tioned above were used to predict the initial surface of the phase transformation onset
of SMAs. In the following, the two yield criteria are briefly introduced; for more details,
please refer to reference [36].

The isotropic criterion can be expressed as:

=R —ahl=1 1)

Here, ], represents the second invariant of the stress deviator S, and J3 = tr(S3 / 3)
represents the third invariant of the stress deviator S (tr represents the trace operator

3
tr(A) = Y Ag); a is a parameter describing the tension-compression asymmetry of
k=1

materials and Ty is the yield shear stress. The main advantage of the proposed criterion is
that it leads to a good approximation of yield loci calculated by the Taylor-Bishop-Hill
crystal plasticity model.

Suppose o; is the uniaxial tensile yield stress, then we can obtain

1/5
0 = T 781\6 / (2)
! Y 9 —2/3a
Suppose o; is the yield stress in uniaxial compression such that
1/5
‘ Y 9+ 23«

Hence,
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Foro; >0.>0=a € (0,3\@/2) ®)

For0 < 0y < 0, = & € (—3\/5/2, 0) ®)

For materials with equal tensile and compressive yield stresses, i.e., « = 0, the von
Mises yield criterion is recovered. For the yield criterion to be convex, « is limited to a
given numerical range: (—2.25, 2.25).

For a state of plane stress, the J>-J3 criterion is simplified as

L N LA 2 3 3 5
|:3 (0’1 — 0100 + 0y ):| — ﬁ(al — 0107 + 0 ) [20’1 + 20y —3(0’1 +0’2)0’10’2} =Ty (7)
For any « # 0, the yield locus of Equation (7) is a “triangle” with rounded corners.
As a demonstration, Figure 1 shows the plane stress yield loci of Equation (7) obtained
corresponding to 0t /0. =4/5, 1, 6/5, respectively. These ratios correspond to &« = —1.316, 0

(von Mises) and 1.108, respectively.

1.5}

o,/ o,

-15 -10 -05 00 05 1.0 1.5
o,/ o,
Figure 1. Yield loci predicted by the criterion (Equation (7)), according to ov/o. = 4/5,5/5 (von

Mises) and 6/5.

In the (0, ) plane, the criterion is simplified as:

5/2

[:15 <¢72 + 31’2)] - E%( 2+ 312> (203 + 9T20) =1° ®)
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where « can be determined by the yield stresses in pure shear and uniaxial tension according
to the following relation:

2 2

Figure 2 displays the yield loci in the tension—torsion plane (¢, T) of the Tresca criterion,
the proposed criterion (Equation (8)) according to oi/0. = 4/5, 1 (von Mises) and 6/5,
respectively. It can be seen that for 0; /0. # 1, the yield locus of the proposed criterion
departs sharply from that of the von Mises ellipse.

Ot

(X:3\@ 81(Ty)5 )

1.0f" ': E ' ! :
: : ; o,/ o,

---Tresca ----4/5

: .~ 5/>

- . —=6/5 ]

15 -10 -05 00 05 10 15
/Gt

Figure 2. Yield loci predicted by the Tresca criterion and the isotropic yield criterion in the (o, T)
plane for /0, =4/5,5/5 (von Mises) and 6/5, respectively.

In order to take anisotropy into account, the criterion was extended by the orthotropic
generalizations of the second and third invariant of the stress deviator, denoted by ]g and ]g

5/2
o= ()" —aff == (10)

where

a a a
3= gl(‘fyy —0z) + gz(azz — o)’ + f(‘fxx — o)’ + a0y, + 502 + agoy, (1)

and
]3 = %(bl + bz)‘fi’x + %
(broyy + boozz )02, —
2
+5 (b1 + by) Oxx 0y 022 — % [(be + b7)0x§ — beoyy — byozz | —
2
% [2b90'yy — bgoz; — (2b9 - bS)U'xx] - % [2b100'zz - b50'yy - (21?10 - bS)Uxx} + Zbllo'yzo'zxo'xy

(b3 + by)og, + 55 [2(by + bs) — by — b3]03,
§(b3ozz + b4(7xx)(7§y — & [(b1 — by + ba)oxx + (b1 — by + by)oyy | 02

(12)

= oo o=
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For a thin sheet perpendicular to the z axis and in a condition of plane stress (0xx, 0y,
0xy), the J9-]9 criterion (Equation (10)) is expressed as

Q= {%(“l +83)0%, — FOu0yy + g (a1 + a2)oy, + “4T§y} 7
« [%(al +a3)o2, — FOwxoyy + %(”1 + QZ)Ufy + ”4T§y} (13)
{ 2 (b1 +52)03 + 35 (b3 + ba)ogy, — § (b10%x + baoyy )Ty } _

— 302, [(bs — 2b10) 0y — b5y ] Y

In particular, the section of the yield locus with Oxy = Ois

2 5/2

Hay+a3)0? — Foron + L(ag + uz)%} —a {%(al +a3)0? — Zoon + (a1 + az)azz}

1 1 1 (14)
27 (b1 +b2)07 + 3 (b3 + by )03 — 5(b1o7 + b40’2)01(72} =1
For the (o, T) stress state, the criterion becomes
1 2 2 o2 2 2| |1 3 1 2 5
O = 6(“1 +a3)0° + ayT - 6(“1 +a3)0° + ayT ﬁ(bl + by)o” — 5(175 —2by)o 7| =1y (15)

It is easy to prove that both the J,-J3 criterion and the ]g— ]g criterion are insensi-
tive to hydrostatic pressure, which are suitable to describe the phase transformation of
SMAs. This is the case because SMA is considered to be pressure-insensitive alloy, whose
phase transformation between austenite and martensite is accompanied with no volume
change [17].

3. Applications

In order to check if the yield criteria originally proposed for describing the plastic
behavior of metals are suitable to model the stress-induced initial transformation onset
of SMAs, in the following, we will apply the J,-J3 criterion and the ]g—]g criterion to two
different SMAs: Cu-Al-Be and Ni-Ti alloy.

For Cu-Al-Be SMA, the initial yield points of phase transformation initiation (austen-
ite to martensite) were obtained by means of bi-compression tests on cubes and ten-
sion (compression)—internal pressure on tubes according to the method proposed by
Bouvet et al. [16]. The experimental stresses of the initial transformation onset of Cu-Al-Be
in the (01, 07,) plane at 35 °C are shown in Table 1 (data from Laydi and Lexcellent [37]).

Table 1. Experimental data of the initial transformation onset of Cu-Al-Be SMA at 35 °C (unit: MPa).

i 1 2 3 4 5 6 7 8 9 10 11
o] 87.14 9143 10571 4571 0 —4571 -10571 —-100 —65.71 0 51.43
lop) 0 4286  102.86 100 80 60 0 —4857 —-9143 —-100 4857

Figure 3 shows the experimental initial transformation onset surface of Cu-Al-Be
SMA (experimental data is plotted with symbols). Note that the transformation onset sur-
face of Cu-Al-Be SMA has a significant asymmetrical shape, and the compressive “yield”
stress is 20% larger than the tensile “yield” stress. Figure 3 also shows the theoretical
yield locus of the J,-J3 criterion given by Equation (1). The parameter « = —1.1655 was
calculated by Equation (4) using experiment point 1 (87.14 MPa, 0) and experiment point 7
(—105.71 MPa, 0) from Table 1, and the shear strength 7y was calculated by Equation (3).
For the sake of comparison, the yield surface of the von Mises criterion [26] is also plotted
in Figure 3. Here ¢; = 87.14 MPa was chosen as the uniaxial yield strength in the von
Mises criterion. From Figure 3, we can see that the J,-J3 criterion fits the asymmetric
transformation onset surface of Cu-Al-Be SMA quite well although some discrepancies
between the predicted results and the experimental data were also found in some stress
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states. Obviously, the discrepancies between the predicted results of the J,-]3 criterion and
the experimental data were caused by the slight anisotropic pseudoelastic behavior of Cu-
Al-Be SMA. As the von Mises criterion is based on the hypothesis of tension-compression
symmetry, it failed to reproduce the asymmetry shape of the transformation onset surface
for Cu-Al-Be. Undoubtedly, modeling of the pseudoelastic behavior of SMAs with remark-
able tension—-compression asymmetry using symmetric yield criteria (such as the von Mises
criterion) will cause significant errors.

150F ‘ ‘
—— TheJ,-J; criterion
— — von Mises criterion
1000 ® Experimentdata
50t
g
N’ 0 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
(o]
(o)
LV R Y 72—
-100t
—-150¢. , , : : : r
-150 =100 =50 0 50 100 150

o1 (MPa)

Figure 3. Comparison of experimental results and the theoretical initial transformation onset sur-
faces for Cu-Al-Be SMA in the (01, 07) plane at 35 °C predicted by the J,-]3 criterion and the von
Mises criterion.

From the above analyses, the anisotropic pseudoelastic behavior of Cu-Al-Be SMA
should be considered to obtain better prediction results. Figure 4a shows the comparison
between the experimental results and the ]g—]g criterion given by Equation (10), the pa-
rameters of which were calculated using the error minimization procedure (see Table 2).
Clearly, the Ig- ]g criterion fits the experimental data better than J,-/3 criterion. The ]g- ]g
criterion can model the asymmetric transformation onset surface of Cu-Al-Be SMA very
well except in the case of experiment point 2 (91.43 MPa, 42.86 MPa), which seems to be
an experimental mistake. Therefore, anisotropic yield criterion with tension-compression
asymmetry should be considered for precise modelling of the pseudoelastic behavior of
such SMAs as Cu-Al-Be alloy.
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Table 2. Anisotropic and tension—compression asymmetry parameters of the ]g -] g criterion and the
Cazacu-Barlat criterion for Cu-Al-Be SMA at 35 °C.

Yield Criterion ay ap as bl bz b3 b4 A
Cazacu (2004) 1.0509 1.3441 1.0261 0.7799 0.7173 0.9639 1.1559 —1.6505
]g-]g criterion 1.0497 1.3070 1.0379 0.9256 0.8932 1.1147 1.2990 —1.4713

1507 s s ; s
— TheJ,-J; criterion | 3 (a)
""" The J§-J{ criterion | : ‘

100[----- ® -Experiment data -----srm@res2oo- 0

50t

<

~ Ob
o~
©

—50}
—100f--- R R
—150¢t : : ‘ : 1
-150 =100 =50 0 50 100 150
61 (MPa)
130/ — — Hill's quadratic | !
----- Cazacu-Barlat : 3 (b)
—— The J§-J criterion
100t - Experiment data: - B R
L e 08— —

= ‘ / ‘ ‘ |

S
6 3 | | ‘

5o S ¥ 2N
1Y) Al 7 S —
—150¢ : : : '

-150 -100 -50 0 50 100 150

o1 (MPa)

Figure 4. Comparison of experimental results and the theoretical initial transformation onset surfaces
for Cu-Al-Be SMA in the (1, 72) plane predicted by yield criteria: (a) the J»-]3 criterion and the ]g—]g
criterion; (b) the ]g—]g criterion, Hill’s quadratic criterion and the Cazacu—Barlat criterion.

In order to compare the ]g—]g criterion with existing theories in the literature, the
yield locus of the ]g— ](3) criterion, Hill’s quadratic criterion [31] and the Cazacu—Barlat crite-
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rion [34] are plotted together in Figure 4b. The calculated parameters for Hill’s quadratic
criterion are given in Table 3. For Hill’s quadratic criterion, significant discrepancies with
experiment results were found for some stress states, especially for the equi-biaxial tension
and uniaxial compression states. It should be mentioned that tensile transformation onset
stresses were used here to calibrate the parameters of Hill’s theory; therefore, the theoretical
uniaxial compressive transformation onset stresses did not coincide with the experimental
data. As Hill’s quadratic criterion is based on the hypothesis of tension—compression
symmetry, it failed to reproduce the asymmetry shape of the experimental transformation
onset locus of Cu-Al-Be SMA.

Table 3. Calculated parameters of Hill’s quadratic function for Cu-Al-Be SMA at 35 °C.

F G H
9.019 x 10> 6.606 x 1075 6.606 x 10~

The calculated parameters of the Cazacu—Barlat criterion are given in Table 2. The
predicted transformation onset surface of Cu-Al-Be by the Cazacu-Barlat criterion had
a similar shape as that of the ]g—]g criterion. Both criteria could model the asymmetric
pseudoelastic behavior of Cu-Al-Be SMA well. However, the Cazacu-Barlat criterion
slightly undervalued the equi-biaxial tensile transformation onset stress, while the J9-]3
criterion gave a better prediction.

As for Ni-Ti SMA, a series of two dimensional proportional and non-proportional,
isothermal and non-isothermal experiments were conducted by Laverhne-Taillard et al. [38].
The shape of the initial transformation stress surface was determined at different temper-
atures. Table 4 shows the experimental data of the initial transformation onset for Ni-Ti
SMA at 50 °C (data from Laydi and Lexcellent [37]). Table 5 shows the experimental data
of the initial transformation onset for Ni-Ti SMA at —10 °C (data was estimated from the
graph in Ref. [38])

Table 4. Experimental data of the initial transformation onset of Ni-Ti SMA at 50 °C (unit: MPa).

i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
o 400 390 310 220 O —210 —370 —520 —530 —520 —430 —200 30 250 370
0 150 240 340 440 420 330 220 0  —150 —340 —400 —370 —300 —150

Table 5. Experimental data of the initial transformation onset of Ni-Ti SMA at —10 °C (unit: MPa).

i 1 2 3 4 5 6 7 8 9 10 11
o 25 22 12 15 0 —-17 —27 —38 —40 -3 18
0 2 18 20 25 21 20 2 0 -27 —14

Figure 5 shows the experimental shape of the initial transformation onset surface
of Ni-Ti SMA in the (o, 7) plane at 50 °C (experimental data is plotted with symbols).
Note that the transformation onset surface of Ni-Ti SMA has a significant asymmetrical
shape, and the transformation onset stress in compression is about 30% larger than that
in tension. Moreover, a very high level of the transformation onset stress in torsion was
observed in Ni-Ti SMA (i.e., Ty = 430 MPa), which was larger than that in uniaxial tension
(05 =400 MPa). This phenomenon is almost impossible to find in the plastic behavior of
common metallic materials. Actually, the von Mises criterion predicts that 7,/ 0& =1/./3,
while the Tresca criterion gives 7,/ 05 = 0.5 for isotropic metals. For an isotropic SMA,
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Bouvet et al. [12] showed that the transformation onset stress in torsion, Tyiso, is related to

the tensile yield stress a; and compressive yield stress oy, by:

. ol 1
=L (16)

y \/gcos(cos*;(l—a))

where a is a material parameter reflecting the tension—compression asymmetry calculated
by the following equation:

. 1 — cos {3 coz1 (Ué/U&)} )

Substituting the experimental data from Table 4 to Equations (16) and (17), a = 0.97
and 7, = 282 MPa were obtained for Ni-Ti SMA. For an isotropic SMA with tension-
compression symmetry (i.e., (T;

consistent with the prediction of von Mises. The large difference between 7, and T;s"
due to the anisotropy of SMA.

In the following, we attempt to model the initial transformation onset of Ni-Ti SMA
in the (¢, T) plane. For the isotropic J,-J3 criterion, the parameter « was calculated by
Equation (9). Due to the high value of 7y, a very large a = 55.545 was obtained, which was
outside of the interval «c(—2.25, 2.25) to ensure the convexity of the criterion. Figure 5
shows the theoretical yield locus of the J>-J3 criterion for Ni-Ti SMA. Undoubtedly, the
initial transformation onset surface predicted by the J,-J3 criterion was meaningless in this
case. Therefore, isotropic criteria such as the [»-J3 criterion in this paper were found to
be inappropriate to model the stress-induced transformation behavior of such SMAs as
Ni-Ti alloy. The yield loci of Tresca and von Mises are also plotted in Figure 5. The yield
shear stress 7, and tensile yield stress o, were used to calibrate both of the criteria shown
in Figure 5a,b, respectively. The results show that both criteria failed to model the initial
transformation onset surface of Ni-Ti SMA.

= 0y),a=0and T;SU = (T;/ /3 were obtained, which is

was

—— TheJ,-J; criterion
— — von Mises criterion
------- Tresca criterion

O Experiment data

600f" 5 ; ' ;
= | -~ (a)
& 400) s T
! o N,

= 2000 y v Ry
« S f L %
8 geiiiin 3 :
B LR ‘ : : ! B R
2 —200}--------Fu;- N L N DO /
& _400| - e

—600L. | L 3 Z E - ’ ‘

-1000 -500 0 500 1000

Axial stress o (MPa)

Figure 5. Cont.
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—— TheJ,-J; criterion
— — von Mises criterion
------- Tresca criterion

O  Experiment data

600F (l))u
400}
e
& 200} ©
>
L-J
2 0 e}
V]
E
[7)]
W
—400}
—600}

-600 -400 -200 0 200 400 660
Axial stress o (MPa)

Figure 5. Comparison of experimental results and the theoretical initial transformation onset surfaces
for Ni-Ti SMA in the (¢, T) plane predicted by the criterion, the Tresca criterion and the von Mises
criterion: (a) calibrated by 7,; (b) calibrated by 0;.

As mentioned above, the large difference between 1, and Tf”

of SMA. The large ratio of 7,/ T;S”(=1.52) reflects a significant anisotropy of the stress-
induced transformation behavior for Ni-Ti alloy at 50 °C. Therefore, to model the stress-
induced transformation behavior of the Ni-Ti alloy precisely, the anisotropy of SMA must
be considered. In the following, the anisotropic J9-]9 criterion will be applied to model
the initial transformation onset of Ni-Ti SMA in the (¢, T) plane. In order to calibrate the
anisotropy and tension—compression parameters of the criterion, the experimental data
points in Table 3 (i=1, 2, 3,4, 5,7, 9, 11, 13, 15) were adopted. The eight parameters of
the ]g—]g criterion in (o, 7) plane (Equation (15)) were determined using the differential
evolution algorithm [39,40] with the objective of minimal fit error to the experimental
data. The calculated parameters are listed in Table 6. Figure 6a shows the comparison of
experimental results and the ]g- Ig criterion of the initial transformation onset surface for
Ni-Ti alloy in the (o, T) plane at 50 °C. The ](2)— ]g criterion was able to give more effective
results than those of the other three yield criteria; therefore, it could model the asymmetric
transformation onset surface of Ni-Ti SMA very well.

For the —10 °C condition, similar results could be obtained. Table 7 shows the
parameters of the ]S- ]g criterion for Ni-Ti SMA at —10 °C calculated using the same
procedure as the 50 °C case. Figure 6b shows the experimental data and the predicted J9-J3
criterion of the initial transformation onset surface for Ni-Ti alloy in the (o, 7) plane at

is due to the anisotropy
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—10 °C. Again, good correlation between the predicted initial transformation onset surface
and the corresponding experimental data were obtained.

Furthermore, comparing the experimental surfaces of the phase transformation onset
for Ni-Ti SMA at 50 °C and —10 °C, it is clear that not only the size, but also the shape, had
changed. This phenomenon indicates that the characteristics of “pseudoelastic” behavior
for Ni-Ti SMA changed from 50 °C to —10 °C. Therefore, it can be concluded that not
only the scale parameter (i.e., 7), but also the anisotropic and asymmetric parameters
of the criterion, should be adjusted accordingly. This point is well illustrated by the
prediction results of the J3-]9 criterion (see Figure 6 and the parameters of the criterion in
Tables 6 and 7).

To this end, we may conclude that the J9-]9 criterion is flexible enough to describe the
stress-induced transformation onset of such SMAs as Cu-Al-Be and Ni-Ti alloys.

Table 6. Anisotropic and tension-compression asymmetry parameters of the ]g-]g criterion for Ni-Ti
SMA at 50 °C.

aq as ag b1 bz b5 bl() x
3.1975 2.5007 0.9551 6.1298 5.3587 1.0239 1.6285 —1.3715

Table 7. Anisotropic and tension-compression asymmetry parameters of the ]g- ]g criterion for Ni-Ti
SMA at —10 °C.

al as ag b] b2 b5 blO x
3.2965 2.3807 0.9862 9.5632 8.0192 1.6335 1.9263 —1.2557

600

—-200¢

Shear stress T (MPa)

—~400}

—600} : ‘ X
-600 -400 -200 0 200 400 600
Axial stress o (MPa)

Figure 6. Cont.
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|
— — (Vo] W
=] (=] (=] o [

Shear stress T (MPa)

|
o
(=]

-40 -30 -20 -10 0 10 20 30
Axial stress o (MPa)

Figure 6. Comparison of experimental results (dots) and the theoretical initial transformation onset
surface for Ni-Ti SMA in the (¢, T) plane predicted by the ]g— ]g criterion (continuous line). (a): 50 °C;
(b): —10 °C.

4. Conclusions

The isotropic J>-J3 yield criterion and anisotropic ]g— ]g yield criterion originally pro-
posed to model the plastic behavior of metals were applied to model the “pseudoelastic”
behavior of SMAs. Both criteria considered the asymmetry between tension and compres-
sion. The primary focus in this paper was to model the stress-induced transformation
behavior of SMAs. The initial transformation onset surfaces of two different SMAs under
multiaxial loading conditions were modeled by both the J»-J3 criterion and the ]g- ]g crite-
rion. To precisely model the phase transformation surface of SMAs using the macroscopic
model, further research is still needed, especially for the inverse transformation (martensite
to austenite). For now, we can reach the following conclusions:

(1)  The yield criterion originally proposed for describing the plastic behavior of metals
can be used to model the phase transformation surface of SMAs, but its predictive
ability and flexibility should be checked carefully using experimental data.

(2) The anisotropic J9-]9 criterion originally proposed by the present author can model
the asymmetric transformation onset surface of Cu-Al-Be and Ni-Ti SMA very well,
and gives a better prediction compared to some existing theories in the literature.

(3) The von Mises and Tresca criteria are not suitable to model the phase transforma-
tion surface of SMAs with remarkable asymmetric pseudoelastic behaviors between
tension and compression.

(4) To precisely model such SMAs as Ni-Ti alloy with significant tension—-compression
asymmetry and considerable difference between 7, and T;so, anisotropy must be
included in the yield criteria. As an example, the anisotropic JJ-]9 criterion originally
proposed by the present author can model the asymmetric transformation onset
surface of Ni-Ti SMA in the (0, T) plane very well, showing excellent predictive
ability and flexibility.

In addition, it should be noted that the stress—strain curve modelling of SMAs is also
very important, which is fundamental in the SMA’s applications as sensors or actuators.
However, the discussion of these issues is beyond the scope of this article, and will be
explored in our future work.
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