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[ Abstract] By applying tensile stress along (100 of B phase, the superelastic behavior and stabilization of stress in-
duced martensite (SIM) of Cu 13. 4AF4. ONi( mass fraction, %) single crystals were studied. The results show that the

pseudoyield stress decreases with the increase of cycling number, and keeping load isothermally has an effect on stabiliza-
tion of SIM. Previous thermal cycling between ( M .~ 20 C) and (A (+ 20 C) promotes the superelasticity and the stabr

lization of SIM as well; the prethermal cycling also reduces the pseudoyield stress. However, once the stabilization of

SIM is produced, it can be destabilized by either the afterwards thermal cooling heating cycling or load and immediately

unload cycling in (A~ M,). Isothermal treatment in (A (~ M 4) brings restabilization of SIM. The maximum superelas-

tic value from B~ [3,1( I8 R) is 9% for the studied single crystal. When test temperature is in A (~ (A (+ 50 C) and stress

is in O~ 350 MPa, the superelastic behavior exist.
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1 INTRODUCTION

Most of shape memory alloys (SMAs) are ther
moelastic, i.e. the growth or shrinking of martensite
variants varies with decreasing or increasing tempera
ture. Because of the self~accommodation feature under
free load, the overall macroscopic deformation upon
transformation is zero. However, when such shape
memory alloy is deformed, thus a preferential
martensite is formed and a macro-strain is obtained,
further heating will make the preferential martensite
transform back to parent phase, resulting in a shape
memory effect. The thermoelastic SM As also display
superelasticity, i. e. when the parent phase is de
formed above M, the martensitic transformation oc
curs prematurely because the applied stress substitutes
for the thermodynamic driving force usually obtained
by cooling'"!. Since the applied stress is basically uni-
axial, only one orientation of martensite is selectively
formed, and this imparts an overall deformation to
the specimen. This deformation disappears when the
stress is released and the original specimen shape is
restored, leading to a mechanical shape memory.
Both the one way memory effect (OWME) and the
superelasticity above A  are properties inherent to the
thermoelasitc martensite transformation. However,
the two-way memory effect (TWME) is not an in-
herent behaviour. From three dimensional stress —

strain —temperature diagrams'?', it can be found that
the temperature range difference between exhibiting
fully superelasticity and training for TWME is that
for superelasticity, the temperature is in ( Mg -
AS)[1~ 5], while training for TWME, tnin= M-
20 Cand tpw= A+ 20 C. Due to many interrela-
tions between superelasticity and TWME, the study
of superelasticity for CuwrAFNi single crystal is of
great importance for the training of TWME as well as
superelastic applications. The present paper describes
the experimental superelasticity results based on the
uniaxial tension test on Cu-AFNi single crystals by
changing temperature and applied stress as well as
isothermal treatment.

2 EXPERIMENTAL

The alloy used was single crystal with a nominal
composition of Cur13.4AF4.ONi ( mass fraction,
%) . The dimensions of the specimen were d3 mm X
200 mm. The axial direction of the sample was close
to €001) of parent phase at high temperature. After
heat-treated at 850 C for 20 min and then quenched
into water at room temperature, the transformation
temperatures of the specimen measured by DSC were:
M.=967TC, M¢= 71TC, A= 71°C and A=
105 C.

Superelasticity tests were carried out with the
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apparatus described in Ref.[5]. The gauge length

was 100mm. The loading-unloading speed was about
73 M Pa/ min.

According to geometrical status of the testing
specimen and the direction of stress applied, for the
transformation from the parent disordered bee struc
ture to ordered B;(18R) through B” {110} <110)
martensite, both the Schmid factor of the crystal and
the critical stress needed for the formation of a
favourite martensite variant can be obtained. There-
fore the preferential formation of this martensite varr
ant will contribute to the corresponding macro-strain
change. The fully recovered superelasticity of 9%
was obtained by Dios Jara'® and Wayman''"' through
calculation and experiments on Cu-14.4Zn-17. 7A1
(mole fraction, %) and Cu-39. 8Zn ( mass fraction,
%) single crystals respectively, which can be viewed
as the maximum superelasticity, the upper limit of
OWME as well as the upper limit of STWME during
constant load thermomechanical cycling for single
crystal at a given orientation. Beyond this limit,
there will exist some plastic deformation after unload-
ing because the relatively high stress is applied, which
should be avoided as far as possible during thermome-
chanical cycling tests. Our experiments are based on
such consideration. The specimen was heated to 0~
50 'C above A, then the stress was applied at differ-
ent level according to the experimental need.

3 RESULTS AND DISCUSSION

3.1 Effect of superelastic cycling and isothermal
loading on superelastic behavior

The procedure in this test is programmed as fol-
lows: heat from room temperature to 122 ‘C "~ load
(0= 200 MPa) and unload immediately ( curve
marked Cycle 1 in Fig. 1) ~ load again ( curve marked
Cycle 2 (load) in Fig. 1) and load isothermally for 1h
before unload ( curve marked Cycle 2 (unload) in
Fig. 1) ~ load and unload immediately ( curve marked
Cycle 3 in Fig. 1). According to the stress —strain
curve, the stability of SIM can be evaluated. For up-
loading process, the lower the stress at which the su-
perelasitc deformation starts and finishes, the easier
the B~ SIM transformation; for unloading process,
the lower the stress at which the superelastic recovery
starts and finishes, the stabler the SIM. Physically,
the area covered by the superelastic stress —strain
loop can be regarded as the work done by the external
applied stress. This area is a reflection of the energy
absorbed by the specimen with respect to engineering
shape memory and/or superelastic devices. Since the
changing magnitude in the part of curve of uploading
is generally smaller than that of unloading, a judge
ment on the degree of stabilization of SIM can be giv-
en by evaluating this area’ s value. The larger the
area, the bigger the tendency of stabilization.
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Fig. 1 Influence of isothermal loading at

temperature above A  on superelastic behavior

In the first cycle, the superelasitc deformation in
the uploading procedure starts at about 165 M Pa and
finally reaches 8.65% at 200 M Pa; upon unloading
the reverse transition of this deformation starts at
about 150 M Pa and finishes at about 90M Pa, how ev-
er during the second loading, the superelastic defor
mation starts at about 160 MPa and finally reaches
“ pseudo~
It means that in (A~ M,), the stress

at which the deformation deviates the linear elastic re-

9.0% . Here, it is necessary to define the
yield stress”.

lation and a large number of superelastic deformation
is produced. Because this deformation is not really
yielded by plastic deformation, it can be recovered e
lastically upon unloading. The experimental results
show that the pseudo-yield stress decreases with the

3]

increase of cycles. However, as Ono'”! pointed out

that according to the experiments at ( M+ 38 C) on
CurZn- Al polycrystals by straining at a given value
unloading_) thermal cycling procedure, this kind of
pseudo-yield stress decreases with the increase of cy-
cles until Cycle 8, the super elastic behavior is con-
sidered to be nearly stable because the remaining de-
pendence of the pseudo-yield stress on cycling number
is negligible small. In the second cycle, after the load
is kept isothermally for 1 h then unload, the supere
lastic recovery starts at stress below 140 M Pa and fin-
ishes at 75SM Pa, which means that the stabilization of
SIM occurs during isothermal treatment under the
load. At the next load+ immediately unload cycle,
the superelastic deformation starts at about 150 M Pa
and finally reaches 9.18% at 200MPa, 0.18%
sreater than the calculated superelastic strain; at the
unloading procedure, the superelastic recovery starts
at 140MPa and finishes at 80MPa, finally this
0. 18% plastic deformation is retained.

The thermomechanical cycling history of the
specimen has a strong influence on the superelastic
behavior. For example, the as quenched specimen is
subjected to heat from room temperature to 158 C for
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1min" cool to 122 C for 60 min _ cool to room tem-
perature, repeat 2 times, and then heat from room
temperature to 122 C” load and unload immediately
for superelastic tests Fig. 2. Although the testing pa
rameters for superelasticity are the same as that of cy-
cle 1 in Fig. 1, for the thermal cycled specimen the
superelastic deformation starts only at 89 M Pa, which
is 76 M Pa lower than that of as-quenched, and the fi-
nal deformation reaches 9%. It suggests that the
martensitic transformation is promoted by the previ
ous thermal cycling (‘heat from room temperature to
158 °C for 1 min "~ cool to 122 C for 60 min "~ cool to
room temperature). In other words, the thermal cy-
cling at temperature above A has a promoting effect
on the formation of martensite. This might be the
softening effect by thermal or thermomechanical cy-
cling, which is shown in a separate paper. Also
Uno'? reported in the effect of loadcycling on the
pseudoelastic behavior in a polycrystalline CuZn-Al
SMA that the yield stress decreases with training cy-
cle. Perkins'”! reviewed that with the training going
on, the stress decreases significantly in the initial cy-
cling because of the formation of martensite.
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Fig. 2 Stress —strain curves at 122 C of
as quenched sample with thermal treatment

3.2 Effect of thermal cycling and isothermal treat-
ment on superelastic behavior

In this test, the procedure is programmed as fol-
lowing: heat from room temperature to 168 ‘C " cool
to 132 C ~ load and unload. The stress —strain
curves are shown in Fig. 3. At different cycles the pa-
rameters of test are changed. For Cycles 1~ 3, the
tests are carried out by load and immediately unload
at 132 C. It is seen from Fig. 3 that there is a stabi-
lization effect with cycling. However, in Cycle 4 the
load is isothermally kept at 132 C for 2 h before un-
load. It can be easily seen that the procedure of keep-
ing load isothermally causes stabilization of SIM.
This means thermal treatment can lower the pseudo-
yield stress as well as spring-back during unload-

[ 8~ 10]

ing Then in the 5th cycle the specimen is

cooled down to 50 C and reheated to 132 'C, then is
loaded isothermally again for another 1 h before un-
loading. It is seen that there is a destabilization effect
in Cycle 5 compared with that in Cycle 4. This desta-
bilization may be caused by the cooling and heating
after Cycle 4. For Cycle 6, the test is carried out af-
ter Cycle 5 through load and immediately unload,
which shows further destabilization effect. This im-
plies that the stabilization effect caused by isothermal-
ly loading can be reduced by both the cycling of load
+ unload immediately and thermal cycling between

(M~ Ay).
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Fig. 3 Superelastic behavior with cycling and
different loading methods

An additional test is made on the above cycled
specimen. The procedure is programmed as: heat
from room temperature to 158 ‘C cool to 132 C~
load and immediately unload ( Cycle 1) ~ load isother
mally for 2 h ~ unload ( Cycle 2) ~ load isothermally
for 1h~ unload (Cycle 3) ~ load and unload immedi
ately (Cycle 4), and the results are shown in Fig. 4.

By comparing curves of Cycle 1 and Cycle 2, it is
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Fig. 4 Stabilization caused by loading
isothermally and destabilization caused
by load+ unload immediately
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clearly shown that the isothermal loading at 132 C
for 2h has an effect of stabilization, and at the same
time, it also causes the creep like permanent deforma-
tion which is in the reverse direction of the applied
load. The curve of Cycle 3 also proves this result.
From the curve of Cycle 4, it can be seen that the
stabilization caused during isothermally loading can be
reduced through the cycling of load and immediately
unload procedure.

3.3 Stabilization, destabilization and restabiliza-
tion of SIM

In this group of experiments, the procedure is
programmed as: heat from room temperature to
144 ‘C~ load and unload immediately ( Cycle 1) ”
load isothermally for 2h” unload (Cycle 2) " load and
unload immediately ( Cycle 3) ~ isothermal for 30 min
~ load and unload immediately (Cycle 4), as indicat-
ed in Fig. 5. Although the applied stress is 250 M Pa,
a nearly ful super elastic strain of 9% can be obtained
at 132 C, but with the corresponding same stress
level at 144 C for the first load and immediately un-
load cycle, the obtained superelasitcity is only about
2.5% which is far from the saturated superelasticity
of 9% just because of the lack of driving force for the
formation of martensite at this relatively high temper
ature and insufficient stress applied. However, during
the next load isothermally for 2h then unload, the su-
perelasticity is increased up to 8. 83% and there is a
strong stabilization effect on the SIM through keeping
load isothermally. The curve of Cycle 3 shows the
destabilization effect on the superelastic loop through
the afterwards load and unload immediately proce
dure. It is interesting to notice that after Cycle 3 by
isothermal treatment at 144 C for 30 min then load
and immediately unload, the stabilization effect oc

curs again, and here it is called “ restabilization”.
g )

From these results, it can be concluded that
bothisothermalloadingandisothermaltreatment( without
250
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Fig. 5 Stabilization, destabilization and
restabilization of SIM at 250 M Pa

macrostress applied) have the effect of stabilization
on SIM; once the stabilization effect is produced, it
can be reduced by the load and immediately unload
cycling procedure.

With the same program as above, another series
of experiments are made, in which the only difference
with the above experiments is the stress applied, as
illustrated in Fig. 6. From Fig. 6 the significant effect
of isothermal loading on the stabilization of SIM, the
destabilization effect through load and immediately
unload procedure as well as the restabilization effect
through isothermal treatment can be easily found.
U nder given stress level ( 0= 280 M Pa), the supere-
lastic strain reaches about 9% .
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Fig. 6 Stabilization, destabilization and
restabilization of SIM at 280 M Pa

3.4 Effect of temperature on pseudo yield stress
Fig. 7 shows the stress —strain curves at differ-
ent temperatures and loading levels. All the curves
are taken in the first cycle for the as quenched specr
mens. It can be seen from Fig. 7 that the pseudo-yield
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Fig. 7 Superelastic curves at
different temperatures and stress levels
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stress increases with the testing temperature.

Fig. 8 shows the evolution of stresses (for both
loading and unloading) with temperature when the
strain is 4. 5% . Because the characteristics of supere-
lastic deformation in stress —strain curve is like a
plateau, the stresses at strain of 4. 5% (which is half
of the strain from B~ 8 1(18R)) can be used to ex-
press the superelastic deformation behavior. During
both loading and unloading procedure, the stress cor
responding to 4. 5% strain increases with testing tem-
perature, well in accordance with modified Clausuis
Crapeyron formula. The A0/ At is about 3.5

MPa/ C.
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Fig. 8 Plateau stress at strain of 4. 5%
with temperature

4 CONCLUSIONS

1) For Cu13.4AF4.0Ni ( mass fraction, %)
single crystals, the pseudo-yield stress decreases with
the increase of cycling, and keeping load isothermally
has an effect on stabilization of SIM.

2) Previous thermal cycling between ( M, —
20 C) and (A ¢+ 20 C) promotes the occurrence of
superelasticity and the stabilization of SIM as well;
the pre-thermal cycling also reduces the pseudo-yield
stress. However, once the stabilization of SIM is pro-
duced, it can be destabilized either by thermal cook

ing-heating cycling or load and immediately unload
cycling in (A ¢~ M,). Isothermal treatment in (A (~
M 4) brings restabilization of SIM.

3) The maximum superelastic value from B~ B,
(18 R) is 9% for CuAINi single crystal. The super
elastic behavior exists when temperature is A (~ (A

+ 50 C) and stress is 0~ 350 M Pa.
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