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Abstract: The effect of recovery heating rate on shape memory effect of the up-quenched Cu—8.88A1-10.27Mn (mass fraction, %)
alloy was investigated by optical microscopy, electron transmission microscopy (TEM) and electrical resistivity measurement. It is
found that the shape recovery rate decreases as the heating rate decreases. It can reach 75% when the heating rate is 20 °C/min, while
it is only 8% when the heating rate is 1 °C/min. In situ microstructure observation indicates that the dependence of shape memory
effect on recovery heating rate is caused by the stabilization of twinned martensite induced by deformation. The analysis of electrical
resistivity shows that the stabilization of twinned martensite may be ascribed to formation of compound defects of vacancies and
dislocations at the boundaries of twinned martensite during the slow heating. The compound defects prevent the reverse

transformation of twinned martensite.
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1 Introduction

For Cu-based shape memory alloys (SMAs),
martensitic stabilization is the big concern when they are
employed in the field of engineering and medical science
[1]. The martensitic stabilization refers to the
phenomenon in which the reverse transformation
temperature A is increased with increasing the aging
time, and eventually the reverse transformation is
suppressed by aging. This time-dependent behavior is
critical to the reliability of devices using SMAs as it is
desirable to have a reproducible and stable
transformation temperature. Therefore, understanding the
origin of martensitic stabilization is of both
fundamental and practical importance and many
researches have been conducted to find the proper
methods to suppress it. So far, several mechanisms have
been put forward to explain the origin of martensitic
stabilization for Cu-based alloy, such as martensite
reordering [2—4], precipitate effect [S], excess vacancy
pinning behavior [6—8] and short-range order of point
defects [9]. Among these researches, studies for
martensitic  stabilization = behavior are generally
conducted for alloys at a constant temperature. However,

in the practical application, a non-isothermal heating
process maybe need to active the Cu-based devices to
function properly when they are in service, but at present
there are still a few reports for this kind of cases [10,11].
In the reported studies, martensitic stabilization was most
found in directly quenched Cu-based alloys, such as
Cu—Zn—Al and Cu—Al-Ni alloy, after a low temperature
aging, and it is well known that an up-quenching or
step-quenching heat treatment can markedly suppress the
martensitic stabilization in both Cu—Zn—Al and
Cu—AIl-Ni alloys [12—15]. However, in our study, an
interesting phenomenon was observed that the shape
memory effect (SME) of up-quenched Cu—
8.22A1-10.27Mn alloy had a significant dependence on
recovery heating rate. In other words, the martensitic
stabilization still occurred in the alloy even it had been
subjected to up-quenching treatment, which was not
reported before.

In this work, the effects of recovery heating rate on
the shape memory effect and microstructure evolutions
before and after heating in the deformed up-quenched
Cu—Al-Mn alloy were investigated. Based on the
experimental results, the relationship between recovery
heating rate and martensitic stabilization was mainly
discussed.
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2 Experimental

The alloy with nominal composition of Cu—8.22A1—
10.27Mn (mass fraction, %) was prepared by melting
pure elements Cu (purity>99.9%), Al (purity>99.9%)
and Mn (purity>99.9%) in vacuum induction furnace.
After homogenization at 1093 K for 23 h, the ingot was
squeezed into bars at 1073 K and finally cold drawn into
wires of 1.5 mm in diameter. All samples for test were
cut from the as-cold drawn wires. The as-cold drawn
samples were solution treated at 1123 K for 15 min,
followed by quenching in water at room temperature.
The quenched samples were immediately held in boiling
water for 15 min, which was the up-quenching (UQ)
treatment.

The shape memory effect of the up-quenched
samples was measured at room temperature by a bending
test. Details of the measurement have been described
elsewhere [16,17]. Different recovery heating rates were
utilized to heat samples to 150 °C, and then shape
recovery ratios were calculated. The transformation
temperatures were determined by an
resistivity—temperature curve.

electrical

The microstructure was examined by the
OLYMPUS CK-40M optical microscope. To determine
the local nature of microstructural changes, a focused ion
beam (FIB) based technique was used to locate, isolate,
and prepare cross-sectional TEM specimens from precise
positions in the specific area. An in-situ lift-out technique
was used to prepare the final TEM specimen. A Pt layer
was first deposited to cover the region. Then, two
trenches were made around this area and a membrane
was milled down to 1 um using 30 kV Ga" ion beam.
The membrane was picked out and welded onto copper
grid. Finally, the | pm membrane was polished down to
electron transparency using 5 kV Ga' ion beam. TEM
specimens were examined by a Tecnai F20 electron
microscope at 200 kV.

3 Results and discussion

3.1 Shape memory effect

Figure 1 shows the shape recovery rate of
up-quenched samples as a function of recovery heating
rate when the bending deformation was 5%. From the
results, it was shown that the shape recovery rate reached
75% when the recovery heating rate was 20 °C/min,
while the shape recovery rate reached 8% when the
recovery heating rate was 1 °C/min. The lower the
recovery heating rate is, the lower the shape recovery
rate is.
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Fig. 1 Relationship between shape recovery rate and recovery
heating rate in up-quenched Cu—8.22A1-10.27Mn alloy

3.2 Microstructure observation

Different areas in an up-quenched sample before
and after bending deformation were selected and the
optical microstructure evolutions of the same sample
were observed in sequence, and the results are shown in
Figs. 2(a)—(f). It was found that most of the phases
consisted of martensite at room temperature before
deformation (Fig. 2(a)) because the martensitic
transformation temperatures 7, and 7t were 69 °C and
23 °C, respectively. After deformation, some thin parallel
plates were introduced inside a block martensite, as
indicated by the white arrows in Figs. 2(b) and (e¢). When
the deformed sample was heated to 150 °C at 20 °C/min
and then cooled down to room temperature, most of
these introduced parallel plates disappeared (Fig. 2(f)). In
contrary, most of them were still observed at
room temperature when the heating rate was 1 °C/min
(Fig. 2(c)).

To get further insight into the nature of these
parallel plates, the above samples were studied by TEM.
Here FIB technique was employed to locate the precise
positions for TEM specimens preparation where several
parallel plates existed, as shown in the square area in
Fig. 3(a). Several positions were selected randomly at
different parallel plate areas for each sample.
Selected-area electron diffraction (SAED) patterns
acquired at the single plate were indexed as M18R
martensite. More interestingly, most of these parallel
MI18R martensites formed A/D boundaries with twin
plane (2020);sr (Fig. 3(c)) [18,19]. This result shows that
the thin parallel plates are twinned deformation
martensite. Furthermore, these twinned deformation
martensites will be stabilized when the recovery heating
rate is rather low.

3.3 Electrical-resistivity behavior
Figure 4 shows the change of electrical resistivity
(p—po) during the heating process at different heating
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Fig. 2 In-situ optical micrographs of up-quenched Cu—8.22A1-10.27Mn alloy under different conditions: (a,b) Initial heat treatment

without deformation for two different areas; (c,d) After 5% bending deformation for two different areas; (e,f) After being heated at

1 °C/min and 20 °C/min for two different areas, respectively

rates for up-quenched samples after 5% bending
deformation. The electrical resistivity started to decrease
slowly by heating due to the reverse martensitic
transformation. When the heating rate was 1 °C/min, it
decreased till 120 °C, which implied the finish of the
transformation. However, the transformation completed
over 120 °C when heating rate was either 10 °C/min or
20 °C/min. In addition, the higher the heating rate was,
the greater the change of electrical resistivity was. This
result revealed that the higher the heating rate was, the
more martensite reverted to parent phase f. Specially
note that the change of electrical resistivity behaved
differently during the process of holding after the
samples were heated to 140 °C with different heating
rates. The electrical resistivity almost remained constant

after the sample was heated with heating rate of
1 °C/min. However, it kept on decreasing slowly after
samples were heated with heating rates of 10 °C/min and
20 °C/min.

The UQ treatment at 100 °C for 15 min is usually
enough to suppress the stabilization of thermal
martesnite in Cu—Zn—Al alloys because of the extinction
of most of quenched-in vacancies and the increase of
ordering of parent phase [14]. However, in our studies,
the stabilization of twinned deformation martensites
occurred in the Cu—8.22A1-10.27Mn alloy that had been
subjected to UQ treatment when the recovery heating
rate was rather low.

After deformation, some defects, such as dislocation,
will be introduced especially at the boundaries of the
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Fig. 3 Micrographs of up-quenched Cu—8.22A1-10.27Mn alloy
after 5% deformation: (a) SEM image of parallel plates; (b)
TEM bright field image of parallel plates in area designated by
rectangle in (a); (c) Selected-area electron diffraction pattern of
parallel plates showing A/D twin boundary

twinned deformation martensite [19,20]. During the
process of heating, the vacancy will be attracted and
trapped by these dislocations because they can combine
and form a compound defect with lower energy.
Considering the vacancy motion is a diffusive process,
the interaction between dislocations and vacancies would
behave differently at different heating rates. When the
heating rate is rather low, there will be enough time
for the formation of the compound defect. The stable
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Fig. 4 Change of electrical resistivity during process of heating
at different rates and then holding at 140 °C for up-quenched
Cu—8.22A1-10.27Mn alloy after 5% deformation

compound defect will inevitably pin the boundaries of
the twinned deformation martensite, leading to its
stabilization. When the heating rate is high, there will not
be enough time for the formation of the compound defect.
Consequently, the twinned deformation martensite can
revert to parent phase. Our present electrical resistivity
measurements in the deformed up-quenched Cu—8.22A1—
10.27Mn confirmed this. During slow heating of
1°C/min, the vacancies had been trapped by the
dislocations. As a result, it is difficult for them to
disappear during the process of holding at 140 °C
because the compound defect formed by vacancies and
dislocations is more energetically stable. Thus the
electrical resistivity almost remained constant when
holding at 140 °C. On the contrary, more vacancies still
remained when the sample was heated with the heating
rates of 10 °C/min and 20 °C/min because there was not
enough time for the formation of the compound defect.
Consequently, the vacancies would further disappear to
reach equilibrium when holding at 140 °C, leading to the
decrease of the electrical resistivity.

Although most of the quenched-in vacancies
become extinct after UQ treatment, these results indicate
that the remained vacancies play an important role in the
reverse transformation of the twinned deformation
martensite although they have little effect on that of
thermal martensite. It can be expected that further
decreasing the concentration of vacancies will suppress
the occurrence of the stabilization of twinned
deformation martensite and it sheds light on our next
work to study how to suppress this recovery heating rate
phenomenon.

4 Conclusions

1) Shape memory effect shows strongly dependence
on recovery heating rate in Cu—8.22A1-10.27Mn alloy
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subjected to up-quenching treatment. The shape recovery
rate decreases from 75% to 8% as the heating rate
decreases from 20 °C/min to 1 °C/min.

2) In-situ microstructure observation indicates that
the dependence of shape memory effect on recovery
heating rate is related to the stabilization of twinned
martensite induced by deformation. When the recovery
heating rate is low, most of these twinned martensites
still maintain after heating.

3) Electrical resistivity measurement shows that the
remained excess vacancy after up-quenching treatment
plays an important role in the stabilization of the twinned
deformation martensites. When the recovery heating rate
is slow, the vacancy will be trapped easily by the
dislocations at boundaries of twinned martensite because
they can combine and form a compound defect with
lower energy. The compound defect pins the boundaries
of twinned martensite and thus results in the stabilization
of twinned martensite.
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