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[Abstract] Various training methods for two way memory effect ( TWME) and stressed two way memory effect

(STWME) were tried on Cir 13. 4AF4. ONi (mass fraction, %) single crystals by applying tensile stress along {001) dr

rection of B phase. The training method of cooling with load can induce a lot of martensite prone to stabilize, thus cause

large residual deformation, wide hysteresis and small TWME. Training with constant load can produce STWME larger

than 8% with the least residual deformation. By training procedure of martensite reorientation below M ¢ followed by ther

mal cycling, the TWME is relatively large with very small residual deformation and with comparatively narrow hysteresis

of two-way memory. The obtained two-way memory curve after such training is not a closed loop, and the obtained

TWME is not stable. However, these can be improved by thermal cycling. Training with martensite reorientation below

M ¢ and thermal cycling under relatively low constant stress throughout the whole training procedure is the optimum way of

obtaining TWME, and more than 1. 7% T WME can be obtained. The thermomechanical history of the sample has a pro-

nounced effect on the training result. Thermomechanical cycling has a softening effect on martensite.
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1 INTRODUCTION

Two way memory effect (TWME) refers to the
reversible spontaneous shape change by heating and
cooling between a “hot” austenite shape and a “ cold”
martensite shape without any macro-stress applica

[ In other words, this effect is intrinsic which

tion
is distinguished from stressed two-way memory effect
(STWME, in which an external constant load is ap-
plied throughout the whole two-way memory proce
dure)'?'. The strains that may be achieved in two-
way shape memory are always significantly less than
those involved for one-way shape memory in the same
alloy, and special processing procedures called train-
ing are necessary for two-way shape memory materi-
al . Although several training methods have been
reported *** % there are many inconsistencies in the
compositions, metallurgical and heat treatment histo-
ries geometry (thin sheets, wires, cylinders etc.) of
samples, experimental conditions as well as the physi
cal mechanisms. It is quite often that the training
method proved to be effective for one alloy may be not
in effect for others. Until now, there are yet no unr
fied methods and mechanisms that are fully effective
and responsible for all the alloys to set up the two way
memory effect. This paper summaries the experimen-
tal results of unraxial loading and thermal cycling

procedures made on Cu-AFNi single crystals and try
to provide the basic engineering data for its potential
applications.

2 EXPERIMENTAL

The same single crystal sample with a composi-
tion of Cur13. 4AF4. ONi ( mass fraction, %) as in
Refs.[ 1,7, 8]. The alloy was heated at 800 C for 20
min and then water quenched. Phase transformation
temperatures of alloy are: M= 96 C, M ,= 84 C,
Mi=607TC, A=73"CA,=96 Cand A= 102 C.
The dimension of samples for thermomechanical cy-
cling is d 3. 0mm X 200 mm with axis direction along
{001 of B phase.

The testing apparatus used is the same as de
scribed by Stalmans et al'''. The terms used are as
follows. SATE: stress assisted transformation effect;

SAMS:

strain; TWMS: twoway martensite trasformation

stress assisted martensite transformation

strain; RD: residual deformation; ER: elastic recov-
ery; FEue: elastic strain of reverse stress assisted
transformation; FEg: elastic strain of reverse sta-
blized martensite transformation. The gauge length is
normally set around 100 mm.

Because the stable and reproducible shape memo-
ry performances can be achieved by cycling between
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fully martensitic and fully austenitic condition'”, es-

{18101 and

pecially considering the stabilization effec
the face that on heating transformation starts at A
and is completed at A, typically some 2~ 20 C

higher depending on loading conditions etc.'?, the
training temperature are set as: Tr= M~ 20 C and
Tu= A+ (20~ 70 C). If during cycling only par
tial transformations are possible at M< T< Ay, in-
stabilities may arise, which causes a gradual shift of
the shape memory device towards the shape in the
fully B or fully martensite condition.

3 RESULTS AND DISCUSSION

3.1 Method 1: Training by cooling under load

All the following experiments are carried out on
a same sample in this method. The asquenched sam-
ple is firstly thermal cycled in 50~ 136 C for two cy-
cles, as shown in Fig. 1. The result demonstrates
that the obtained TWME is very small (less than
0.3%), which mainly occurrs at 92~ 100 C. After
thermal cycling, the above sample is deformed 0. 4%
at martensite state ( deformation temperature is ( My
— 20 C) under a stress of 87.8MPa). The deforma-
tion can be regarded as martensitic reorientation under
external stress. Then the sample is trained with a
stress of 48. 1 MPa for 6 cycles (load at (A + 20 C)
~ cool with load to ( M= 20 ‘C) ~ unload ~ heat to
(A+ 20 °C) ~ cool to (M- 20 C)) (as shown in
Fig. 1). It can be seen that in the Ist training cycle,
the SATE starts at 104 'C and reaches the maximum
of 7% at 95 C, then falls to 5.4% at 86 C; after
the load is removed at 5. 4% , the sample has an elas
tic recovery of 0. 6% and has a SAMS of 4. 8% . At-
tention should be paid to the superlarge SATE at
temperature of 1/2[ M, ( 9)+ M( 0)]. Cooling with
load can induce a lot of martensite prone to stabilize,
i.e. the martensite formed in this way has difficulty

to recover during afterwards heating. The retained

= Thermal cycle
[\ —=—Cycle 1
VA Cycle 7

75

Strain/ %

— OS L 2
50 80 110 1460

Temperature/ T
Fig.1 Shape changes at different training stages

(Thermal cycling—> thermomechanical cycling with

stress of 48. 1 M Pa)

SAMS after the first cycle is quite close to that after
the 7th cycle, which implies that the Ist training cy-
cle mainly induces the amount of stabilized martensite
to saturate around 3. 4% .

Because there is a lot of stabilized martensite, an
overheating (40~ 176 C) experiment is carried out
for 2 cycles on the above sample. The sample recovers
almost to its original length, as described in the previ-
ous paper! !,

The above sample is then trained with following
procedure for 14 cycles: load with stress of 120.3
MPa at martensite state (50 C) ~ heat with load to
176 ‘C~ cool with load to 50 °C_>unload, as shown in
Fig. 2. It is shown that during the Ist training cycle,
when a stress of 120. 3 M Pa is applied on the sample
below M, about 3% of strain is produced; then
heating with this load, at temperatures of 97 ~
120 C, the strain reaches 6% due to stress assisted
transformation, however when temperature is above
120 C, the strain reduces drastically to 0. 5% at 130
‘C due to the reverse M _ B transformation, FE . of
5.5% is produced. From Fig. 2, it can be seen that
heating from below M with load causes only very
small residual deformation, which is apparently dif-
ferent from that of cooling with load. Heating with
load also has effect on retarding of M ~ B transfor
mation. When cooling with load, the stress assisted
B 7 M transformation strain at 100 C is 8. 3%, and
the elastic recovery during unloading at martensite
state is 1. 4% . It is also shown by comparing results
of different cycles that with the increase of training
number, FE . decreases, FEa increases, the stress
assisted B~ M transformation strain decreases and
ER during unloading at martensite state increases.
With thermomechanical cycling going on, the differ-
ences between (M- My) and (A— A) gets larger.
These results mean that the training method of cook
ing with load induces the stabilization of martensite.
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Fig. 2 Training with constant stress
(Load at martensite state  heat to 176 C

and cool with load ™ unload)
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By comparing the results of the 15th cycle with that
of thermal cycling without load, the position of E .,
during thermal cycling is 10 C lower than that of
thermomechanical cycling (with load), which means
that training by cooling under load shifts reverse
transformation temperatures to higher region. This is
also a stabilization effect of martensite.

Fig. 3 shows the shape change during training
(load with stress of 144. 4 MPa and unload  heat to
156 C, reload and cool with load ~ heat with load,
unload and cool). By comparing Fig. 2 with Fig. 3, it
is seen that although both are obtained with constant
loads, there is difference of loading methods. 1) the
load is applied at temperature above A ¢; 2) the load is
applied below My; 3) the load is kept constant
throughout the whole training procedure; 4) at con-
stant load condition, the load is freed and applied a
gain at each cycle. Results show that under the condr
tion of thermomechanical cycling with respect to load-
ing at temperature above A and then the load being
kept constant throughout the whole procedure, the
STWME is the largest (over 8%) with the least
residual deformation and there is no stabilization of
martensite, and the relevant transformation tempera
tures are shifted towards higher temperature region.

160 e A
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Fig.3 Training results
(Load and unload below M~ heat to 156 C
" load ™ cool with load” heat with load”
cool with load again—> unload ™ heat " cool)
(a) —Stress —temperature curve;
(b) —Strain —temperature curve

In order to avoid the stabilization of martensite,
the above sample is loaded at martensite state (< M)
with relatively high stress ( 0= 144. 4MPa), and un-
load, then thermal cycled at 40~ 176 C. The sample

is trained for 100 cycles, as shown in Fig. 4. The
TWME is relatively large with very small residual de
formation. Fig.5 shows the evolution of SATS,
TWME and RD with the cycling number. It can be
seen that within the first 30 training cycles, both the
SATS and TWME increase with training number,
and the RD is negligible. The reverse transformation
temperatures is only shifted 3.2 C after 100 cycles.
According to Perkins review on the training methods
on polycrystals, typically the TWME will be perhaps
1/5~ 1/4 of the training strain, for example, if the
strain induced during training is 6%, the TWME is
likely in 1. 2% ~ 1. 5% . These studying results of
CuAINi single crystals are consistent well with this
point.
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Fig. 4 Training results of martensite reorientation
(Load and unload below M~ thermal cycling)
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Fig. 5 Evolution of strains vs training number
(Training with martensite reorientation method)

The above sample is thermal cycled in 40 ~
176 C for one time, and the results are also shown in
Fig. 6. In this thermal cycling, TWME after the
100th cycle is not very stable from the point of both
recovery temperature and the value of TWME. The
reaction temperature at thermal cycling is 8 C lower
than that at the 100th training cycle. This suggests
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that the martensite reorientation structure formed be-
low M ¢ with load is more stable than that during cool-
ing at free load, which can be reflected by modified
Clausius Clapeyron formula'l. During cooling from
temperature above A, the forward transformation
temperature is always the same, which reveals that
stress distribution structure built in the previous
training does not have obvious change on the forward

transformation temperature.
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Fig. 6 Thermal cycling after training 100 cycles

It is important to notice that although during
heating the strain changes 1.38% in (A~ Ay), dur
ing cooling the strains changes only 1. 19% in ( M .~
M), which means that after training the obtained
TWME is not stable. The two-way memory curve is
not a closed loop. This instability of TWME after
training may be caused by overheating which reduces
the level of internal stress which governs, under ac-
company of temperature changing, the formation of
thermodynamic anisotropy of martensite.

In order to investigate the stability of obtained
TWME,
First, the above sample is thermally cycled in ( 30~

following experiments are carried out.

130 C) for 50 cycles, the results are shown in Fig.
7. It is revealed that during thermal cycling, the
shape recovery values for the forward transformation
increase and the TWME is relatively stable ( more
than 1. 3% of fully twoway memory) with a full
close memory loop. This experiment shows that ther
mal cycling after training has a positive influence on
the TWME. Then the above sample is kept at 125 'C
for 4h and cooled to 30 'C, thermally cycled again, it
can be seen in Fig. 7 that such isothermal treatment
has a small creeprlike effect, which reduces the ob-

tained TWME a little bit.

3.2 Method 2: Training by martensite reorienta-
tion and thermal cycling

The specimen for this experiment is originally

subjected to neither training nor thermal cycling from

quenching state. At each training cycle the specimen

is firstly deformed under a stress of 144. 4 MPa at

temperature around 50 C, then thermally cycled
from 50 'C~ 126 C~ 50 C, the results are shown in
Fig. 8. TWME in the 30th cycle is only about 0. 6%
although the two way memory is progressing with
training, which forms a significant contrast with the
training results for the thermomechanical cycled spec-
imen in Fig. 5. Therefore, the thermomechanical his-
tory of the specimen may have a pronounced effect on
the training results. The change of the concentrations
of quenched-in vacancies, other defects as well as the
stress fields during thermomechanical training or
thermal cycling may have a great influence on the
training behavior. After thermal treatment, the yield
stress at martensite state is decreased, and the corre
sponding strain at the same stress level is larger than
that of non-thermal cycling, as shown in Fig. 9. It
can be seen that the strain after each martensite reorr
entation is increased with the training number. Thus
it seems to be a conclusive point that the thermo-
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Fig. 7 Isothermal results at 125 C to
specimen thermal cycled 50 times in Fig. 6
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Fig. 8 Training results
(Load with stress of 144.4 M Pa and unload
below M heat cool)
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mechanical cycling has a softening effect on marten-
site.

An additional experiment was carried out on the
above-trained sample. At each training cycle, the
specimen was first deformed below M with a stress
of 144. 4 MPa and then thermally cycled under con-
stant stress of 12. 0 MPa throughout the whole train-
ing procedure. After training for 30 cycles(as shown
in Fig. 10), TWME considerably increases to
1.75% . Training by deformation below M with
large stress and then thermal cycling under relatively
low constant stress throughout the whole training
procedure is a good way of obtaining large TWME.

b
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Fig. 10 Training results
(Load and unload below M~ heat and cool with
constant load of 12. 0 M Pa)

After obtaining TWME at 1. 75% , specimen is
thermally cycled under a stress of 24. 0MPa (without
unloading procedure), as shown in Fig. 11, the
STWME is 2. 2% in the 31st training cycle. Howev-
er, after thermal cycling without load, the corre
sponding TWME is only half of the previous value al-
though the training stress is doubled.

3.5

Strain/ %

750 80 110 140
Temperature/ C

Fig. 11 Training results under constant

load of 24. 0 M Pa

(Load below M heat” cool)

3.3 Method 3: Training by cooling with load and
thermal cycling

This training method is the same as that for
CuZnAl polycrystals''!. The training stresses used are
17.8MPa, 48. 1 MPa and 144. 4MPa respectively,
and the results are shown in Fig. 12.
3.3.1 SATE

When training with relatively low stress, there is
a competition between the stress assisted preferential
formation of martensite and the self-accommodation
of martensite. The later is considered as a resisting
effect of training. At higher training stress level,
there is a saturation of SATE. This upper limit prob-
ably due to texture limitations and/ or the necessity of
strain accommodation on the whole. From the train-
ing results, it can be seen that with increasing train-
ing stress level, the amount of stress assisted B M
transformation strain (SATS) increases greatly until
it reaches 9% ( this value is the maximum value of su-
perelasticity originated from B for studied CuAINi
single crystal). Under relatively high training stress
(greater than 48. 1 MPa), this kind of strain also de-
creases during the stabilization of stress assisted
martensite formed under cooling with high stress,
which results in the reduction of the amount of “ac
tive austenite” for further training.
3.3.2 TWME and RD

It is shown that by this training method, only
very small TWME with large hysteresis of transfor
mation temperature can be obtained for this alloy, al-

though more than 1. 2% of TWME can be obtained

in CuZnAl polycrystals''!. The reason may be the
lack of “active austenite” because of the stabilization
of martensite and thus incurs the difficult formation
of thermodynamic anisotropy structures. In Fig. 12,
large amount of RD exists after several cycles due to

the presence of stabilized martensite. The martensite
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Fig. 12 Training with different loads
(Load at 136 C~ cool to 50 'C” unload  heat " cool)
(a) —17.8MPa; (b) —48.1MPa; (¢) —144.4MPa

is formed under the stress at certain temperature be-
cause the driving force for the forward transformation
is increased a lot by applying uniaxially external stress
on the single crystal. However, once such martensite
is formed, the reverse transformation of stabilized
martensite can be obtained by either raising heating
temperature ( overheating) or under the same favor
able stress assisted condition.
3.3.3 ER during unloading at martensite state

By comparing the results of 1st training cycle at
different stress levels in Fig. 13, it is clearly shown
that ER at martensite state increases with training
stress level (about 4% at training stress of 144. 4
MPa). This kind of “superelasitcity” at martensite
state shows the great effect on stress assisted B M
transformation. Once the training stress is removed,
the driving force for B ~ M transformation is de
creased drastically, which induces the backward mo-
tion of B/ M variant interface. However, during the
afterwards training cycle, due to the fact that the

the results of this method that the forward transfor
mation temperature is higher in the training cycle
than that in the following thermal cycle due to the
difference in applied stress, which is also true for
CuZnAl ploycrystals. For example, at training stress
of 144. 4MPa, during cooling with load, M= 117 C
and M= 110 C.

The stress applied during training has a signifi
cant influence on the shift of transformation tempera-
ture. With training stress level increasing, the shifts
of transformation temperature increases. These can
be explained quantitatively by using modified Clausu-
is-Clapeyron equation.

3.4 Method 4: Training by combination of cooling
with load and overheating

The training is programmed as: load at (A (+ 20
C) (136 C) ~ cool with load to below (M- 20 C)
~ unload ~ heat to (A+ 70 C) ~ cool, repeat 14
times. The training stresses used are 48. 1 M Pa, 72.2
MPa and 144. 4 M Pa respectively. Fig. 14 shows the
results. The only difference between Method 4 and
Mothod 3 is that an overheating cycle replaces ther
mal cycling follow ing each thermomechanical cycling.
The purpose is to retransform the stabilized marten
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site back to austenite to provide “active austenite” for
further training. It is shown from the training results
that the shape recovery during overheating consists of
three parts:

Ea= Eset Ehermat Esab (1)

E ... associates with the reverse stress assisted
transformation. The slope of the recovery curve at
this stage is large. F hema associates with the ther
mally activated reverse transformation of partially sta-
bilized martensite. The slope of recovery curve during
this stage is relatively small. E ., associates with the
reverse transformation of stabilized martensite, which
takes place around 150 C when training stress is
greater than 48. 1 MPa. According to the shape re-
covery curves during overheating as well as DSC mea-
surements[gl, once FE . reverse transformation oc
curs, it will proceed drastically within a very narrow

temperature range and the slope of recovery is quite
large. These are the characteristics of E . The pro-
portions of the three recovery parts change with the
training stress level and the training number. By
comparing the results of different training stresses, it
can be seen that the forward stress assisted transfor-
mation temperatures ( M and My) increase with
training stress. The small RD in such training and
overheating procedure indicates that during each over
heating cycle, the stabilized martensite formed during
the previous training cycle can be completely recov-
ered by overheating. E ., occurs at about 20 C high-
er than the maximum training temperature'''. The
fact that for training with relatively high stress and
overheating for the reverse transformation, F . in-
creases while F ., decreases with training number
suggests that the amount of stabilized martensite de-
creased with training going on. Consequently it can
be deduced that after a sample is such trained for a
certain number of cycles, there is less possibility for
stabilization of martensite. And this sample can be
used for further training for two way memory effect
with less residual deformation and laree TWME be-
cause of the large value of SATS at high training
stress level, as shown in section 3.1 and Figs. 4~ 7.

It is clearly shown that after such training and
overheating, there is no residual deformation, but the
obtained TWME is also very small although the hys-
teresis of two way memory loop is very small ( less
than 17 C). According to the fact that based on the
experimental results of CuZnAl polycrystals, if the
SATE is very large, it is expected that the TWME
should be correspondingly large if TWME is linearly
related to the SATE!"">'. However the results in this
case are not like this, the reason may be in that the
overheating could disturb the stress built in the previ-
ous training. If the upper temperature limit is set at
just above the occurrence of E ., the result could be
much better.

3.5 Method 5: Training by cooling with load and
heating with load

Specimens are heated to above ( Af+ 20 C)
(136 C) ~ load ~ cool with load to below (M-
20 ‘C) ~ unload and load againqheat to (A+ 20 C)
" unload as one cycle, then repeat. The results are
shown in Fig. 15. The training stresses used are 12. 0
MPa and 24. 0 M Pa respectively. Training with con-
stant load can produce large STWME, which is con-
siderably higher than the value of TWME. However,
there is large RD due to the stabilization of marten-
site, which is produced on cooling with load. By
comparing this with Fig. 4 and Fig. 1(b) in Ref.[ 8],
it can be noted that under the load, the distribution of
stress within the sample is favorable for the reverse
stress assisted B M transformation.



Vol.11  Ne 1

Methods for obtaining TWME and STWME of CuAINi single crystals

e 17 »

2.5
(a)
Cycle S
1.5F
®
€ Cycle 1
g <
5
0.5}F
~0.5 - - -
) — a (b
4 -
®
-~
£
f
T
Cycle 1
0
40 60 80 100 120 140
Temperature/ T

Fig. 15 Training with different stresses
(Load at 136 T  cool to 50 C " unload and
load again heat to 136 C)

(a) —12.0MPa; (b) —24.0MPa

4 CONCLUSIONS

1) Training by cooling with load induces a lot of
martensite prone to stabilize. Training by heating
from temperature below M; with load causes only
very small residual deformation. Training by prefer
ential formation of martensite during cooling is not an
efficient way for obtaining TWME in CuAINi single
crystal.

2) The shape recovery during overheating con-
sists of three parts. The first part Eq. results from
the reverse stress assisted transformation; the second
part Ehema from the thermally activated reverse
transformation of partially stabilized martensite; the
third part Eya, from the reverse transformation of
stabilized martensite. The amount of stabilized
martensite produced in the training and overheating
procedure decreases with training cycle. With train-
ing number increasing, F gae decreases and FE g, in-
creases.

3) Training with constant load produces large
stressed two way memory effect. When cooling with
load from temperature above A ; and then the load be-

ing kept constant throughout the whole thermome-
chanical cycling procedure, the stressed two way
memory effect is the largest with the least residual de-
formation.

4) Training by martensite reorientation follow ed
by thermal cycling, the TWME is relatively large
with small residual deformation and comparatively
narrow hysteresis of two way memory.

5) The thermomechanical history of the sample
has a pronounced effect on the training result. Ther
momechanical cycling has a softening effect on
martensite. The previous thermomechanical cycling
may be beneficial to the set-up TWME.

6) Training with martensite reorientation below
M and thermal cycling under relatively low constant

stress throughout the whole training procedure is the
optimum way to obtain TWME. More than 1. 7% of
TWME can be obtained.
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