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Ageing treatments were performed on Ti-50.53 at.% Ni shape memory alloy corrugated gasket (SMA-CG) units. The results of
phase transition temperature, shape-setting, compression-resilience performance, and the shape memory eﬀect (SME) of NiTi
corrugated units were investigated. The experimental results show that high austenite ﬁnish temperatures could be achieved at
500°C and at 400°C aged for a long time, while the martensite ﬁnish temperatures were basically above room temperature. The
peak value of the austenite ﬁnish temperature was found to be 500°C. The shape-setting result was better with the increase of
ageing temperature and ageing time. It was stable when units were constrain-treated at 500°C and the ageing time was longer than
30 min. As the strain increases, the resilience rate of the unit decreased rapidly. The resilience rate decreased with the ageing
process. Most of the aged units exhibited good SME when the maximum strain was less than 40%. There was the best recoverability
when the ageing treatment was performed at 500°C for 60 min.

1. Introduction
In the process industry, it is important for a gasket to adapt
to ﬂange irregularities and to any dimensional changes of the
ﬂange system caused by temperature changes during operation. Corrugated metal gasket can be used in low pressure
applications that require a thin line contact because of space
or weight limitations. The unique properties such as shape
memory eﬀect (SME) and superelasticity (SE) make NiTi an
excellent candidate in the design of corrugated metal gasket
[1–4]. However, the complexity of manufacturing and shape
setting the SMA structure hinders the widespread use of
NiTi alloys. NiTi alloys structures need to be formed or
shape-set into desired shapes for practical engineering application. For this purpose, NiTi corrugated units are
manufactured using certain heat treatment, commonly an
ageing treatment, and are applied to the ﬁnal product to
shape-set and the properties are optimized at room temperature [5].
Efremov [1] ﬁrst presented a novel type of bolt ﬂange
connection (BFC) that contained blots and gasket with cores

manufactured from SMA. The combination of SMA of the
bolts and gasket excluded the ﬂange rotation and created
continuous and leak-tight joint that can extend the safe
service life of critical engineering structures. Then, Efremov
[2–4] provided the methods to fabricate the corrugated cores
of shape memory alloys that displayed the negative creep
eﬀect under operating conditions. The corrugated gasket
could be manufactured from SMA by using a die-stamp to
press the ﬂat sheet of SMA at temperature below the temperature of direct martensitic phase transformation from
austenite to martensite of the SMA. Then, it was subjected to
continuous ageing at temperature higher than temperature
of reverse martensitic phase transformation from martensite
to austenite of the SMA before releasing the ﬁxation. But the
speciﬁc process of shape-setting had not been studied.
Liu et al. [5, 6] optimized the thermal treatment parameters for ﬁxing the NiTi stent wires. The results of NiTi
stent shape-setting treatment were evaluated in terms of the
angles between the adjacent stent struts. The treated NiTi
wires exhibited good recovery ability at body temperature
when the short time ageing treatments were performed at
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500°C. Elahinia et al. [7] discussed the details in shapesetting of SMA wires in order to attain desired shape
memory properties. Heat treating temperatures for binary
NiTi alloys are usually chosen in the narrower range of
325–525°C, and heat treating times are typically 5–30 min.
Benafan et al. [8] discussed the thermomechanical process
employed in creating most SMA actuators. A common
practice for shape-setting entails four parts. Firstly,
mechanically constraining the fabricated material within a
ﬁxture of the desired shape. Secondly, heat treating the
constrained material at a high temperature for a dwell time
(commonly at 500°C for 1 h for NiTi). Thirdly, cooling the
material (vacuum, air, or quenching) and ﬁnally optimizing
the ﬁnal geometry through subsequent shape sets or additional machining. Johnson and Alauddin [9] shape-set a
shape memory alloy dental arch. They used Joule heating to
heat the wire to annealing temperature quickly, then simultaneously quenching and shaping the material, and
cooling it very rapidly. That allowed the single crystal material to be shape-set without diminishing the material
properties.
Ageing or annealing of the SMA subsequent to the
shape-setting operation is one way to change the material
properties of the SMA including the yield strengths and the
phase transformation temperature. Most SMA components
like wires and tubes are shape-set annealed condition [10].
For Ni-rich alloys, applying ageing treatment leads to dispersing Ni4Ti3 precipitates in the matrix. These precipitates
change the transformation sequences of the alloy [11, 12].
There is only a speciﬁc temperature and time of ageing that
can produce coherent Ni4Ti3 precipitates that are useful for
improving shape memory behavior of the alloy [13]. Kim
and Miyazaki [14] clariﬁed the eﬀect of low temperature
ageing (<327°C) on the shape memory behavior of a Ti-50.9
at.% Ni alloy. According to their results, the size of Ni4Ti3
precipitates hardly increases, but their density increases with
increasing ageing time. Fine and dense Ni4Ti3 precipitates
act as eﬀective obstacles against the movement of dislocations. As the precipitates grow larger with increasing ageing
temperature and time, the maximum recovery strain decreases. Jiang et al. [13] found that the sample aged at 450°C
resulted in ﬁne and dense Ni4Ti3 precipitates and showed the
highest yield strength. Pelton et al. [15] found that the
transformation temperature, and hence the properties, could
be accurately tuned by selective ageing treatments. Higher Af
temperatures were achieved by ageing in the 300–500°C
range. Yeung et al. [16] explored the eﬀect of heat treatment
on the transformation characteristics to the austenite phase.
The specimens were aged at 200–400°C for 30–60 min, respectively. They found that the austenite phase transition
temperature can be manipulated by varying the heat
treatment parameters such as ageing time, heat treatment
temperature, and cooling rate. Heat treatment temperature
was the most critical factor to change the austenitic phase
transition temperature. Razali and Mahmud [17] focused on
the sensitivity of critical stress needed for stress-induced
martensitic transformation over diﬀerent ageing temperatures. He found that the suitable temperature range for
creating a gradient stress plateau of stress-induced
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martensite transformation of Ti-50.8 at.% Ni was between
400 and 500°C. Aboutalebi et al. [18] evaluated the ageing
treatments on the phase transformation and superelasticity
of Ti-51.5 at.% Ni. For the aged samples, complete superelasticity was observed by ageing at 400 and 500°C. Favier
et al. [19] investigated that the inﬂuences on the transformation and mechanical behavior of NiTi were greater for
constrained ageing than for free ageing because the applied
stress will encourage the formation of precipitates preferentially aligned with the external tensile stress, perpendicular to the external compressive stress, to relax the internal
stresses.
However, there were studies on the constrained ageing
treatment of nitinol wires in the medical neighbourhood.
And the lowest martensite phase transition temperature of
the binary NiTi alloy currently studied was mostly below
room temperature. It limited the temperature range to
manufacturing SMA gasket. Knowledge of the shape-setting
treatment parameters appropriate to the applications in
corrugated gaskets and in the ﬁeld of sealing is far from
suﬃcient. In this study, our focus was to optimize the ageing
treatment parameters for ﬁxing the NiTi corrugated gasket
unit to achieve the best result of shape-setting. It could be
applied to the manufacture of shape memory alloy corrugated gasket. Simultaneously, the unit was expected to be
provided with great compression-resilience rate and shaperecovering ability. It could remain in martensitic state at
room temperature in all normal condition of use.

2. Experimental
The material used in this study was Ti-55.59 wt.% Ni (Ti-50.53
at.% Ni) shape memory alloy sheet metal with a thickness of
0.3 mm. The corresponding chemical composition is given in
Table 1. The phase transition temperatures (Mf, Ms, As, and
Af ) of the as-received specimen were 19.48, 54.58, 51.20, and
76.50°C. The schematic diagram of a shape memory alloy
corrugated gasket (SMA-CG) and a SMA-CG unit is shown in
Figure 1.
Nitinol sheets were constrained to the shape of a SMACG unit on a shape-setting mold. The mold is shown in
Figure 2. Shape-set ageing treatments were performed on the
sheets, together with the molds, at temperatures of 300, 400,
and 500°C for 10, 30, and 60 min in a tube furnace (BTF1400C, China), followed by air cooling. To minimize the
oxidation of the samples at high temperatures, high purity
Argon gas (99.99% Ar) was purged into the furnace chamber
during treatment. Flat thin specimens of 10 mm length taken
from the same sheets were aged in the same furnace for
phase transformation and metallography tests [5].
The phase transformation temperatures were measured
by diﬀerential scanning calorimetry (DSC) using a Diamond
DSC Pyris 1 instrument with a liquid nitrogen cooling accessory. The weight of specimens was between 10 and 20 mg.
The heating and cooling regime was as follows: specimens
were heated up quickly to 150°C and kept isothermal for
5 min, cooled down to 0°C, and also kept isothermal for
5 min and then heated to 150°C again. Cooling and heating
rate during thermal cycling was 10°C/min.
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Table 1: Chemical composition of NiTi (wt.%).
Ni
55.59

Co
0.005

Cu
0.005

Cr
0.005

Fe
0.012

Nb
0.005

C
0.046

H
0.001

(a)

O
0.03

N
0.001

Ti
Margin

(b)

R1

5

R0.7

0.3

78°

10
36
(c)

Figure 1: Schematic diagram of SMA-CG and SMA-CG unit: (a) SMA-CG; (b) one unit of the SMA-CG; and (c) expected dimensions of the
unit.

R0.7

5

R1

Bolt

5

10
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Upper
Lower
10
20
30
46
62
(a)

(b)

Figure 2: Shape-setting mold: (a) Dimensions of the mold; (b) mold assembly.

NiTi alloy is more sensitive to temperature. Epoxide
resin and curing agent were used for cold mounting. Metallographic specimens were ground on silicon carbide
papers and then polished. The microstructure was examined
by optical microscopy (OLYMPUS-DSX510) after etching
with diluted solution (10 vol. % HF + 40 vol. % HNO3 + 50
vol. % H2O) at room temperature (RT) [20].
The angles θ between the adjacent struts of corrugates
were used to evaluate the results of the shape-setting. The
stereo microscope (OLYMPUS-SZX10, Japan) was used to
measure the angles θ in order to ensure accuracy. The instrument and the example of measurement are shown in
Figure 3. The angles after shape-set ageing treatments were
recorded as angle θ1. Then the SMA-CG units were reheated

to the austenite ﬁnish temperature (T ≥ Af ) using a resistance
furnace. The angle θ2 was recorded. The reheating temperature was 100°C.
Since the stress-strain curve is sensitive to the test
temperature, all compression-resilience tests were performed at room temperature (25°C) on an Instron 3367
desktop electronic testing machine. To minimize the thermal
eﬀect associated with the phase transition on the mechanical
properties, all compression-resilience tests were conducted
at a strain rate of 2.0 × 10−4 s−1 [21]. In these tests, SMA-CG
units were compressed to the maximum strain and unloaded
to zero stress at room temperature. All experiments were
carried out under strain controlled with diﬀerent ﬁxed
maximum strains (20, 30, 40, 50, 70, and 100%). The

4

Advances in Materials Science and Engineering

α = 75.5587

L = 4.9377mm

L = 10.0812mm

(a)

(b)

Figure 3: The measurement of angle θ: (a) OLYMUPS-SZX10; (b) one example of measurement result.

maximum strains were calculated and controlled based on
the macro height of the corrugated unit. Compressionresilience performance can be evaluated using resilience rate.
It can be characterized by the change of the angle. The
equation is expressed as follows:
resilience rate (%) � 1 −

θ2n − θ2
 × 100,
θ2

(1)

where θ2 is the initial angle recorded after warming in free
state and θ2n is the angle recorded after the compression and
resilience.
After the compression-resilience tests, reheat the SMACG units above the austenite ﬁnish temperature (T > Af )
using a resistance furnace. The reheating temperature is
100°C. Characterize the shape memory eﬀect (SME) of SMACG units after loading by measuring the angles θ and calculating the recovery rates Δ. The equation representing the
recovery rate Δ can be expressed as follows:
Δ (%) � 1 −

θ 3 − θ2
 × 100,
θ2

(2)

where θ3 is the angle of warming after the compressionresilience tests. The schematic diagram of shape memory
eﬀect is shown in Figure 4. It shows the changes in the state
of the sample during the tests. When the unit was compressed, there was residual deformation and it could not
fully rebound. After reheating, the corrugated unit tended to
return to its original shape.

3. Results
3.1. Correlations between the Transition Temperatures and
Ageing Treatment. Figure 5 shows typical DSC curves of
specimens aged at various temperatures for diﬀerent times.
The peaks of phase transformation were completely obvious
and sharp after ageing. In the DSC curve, when the specimen
was cooling down, Ms and Mf were deﬁned as martensite
phase transition start and ﬁnish temperature, respectively.
While the specimen was heated up, As and Af were deﬁned as

austenite phase transition start and ﬁnish temperature, respectively. The hysteresis (As–Ms) can be measured by taking
the temperature diﬀerent between the forward and reverse
transformation. For the samples heat-treated at 300 and
400°C, the DSC thermograms show a single-stage transformations, forward (A°⟶°M) and reverse (M°⟶°A). The
R phase was obvious when samples were heat-treated at
500°C. (M°⟶°A) and (R°⟶°A) peaks could be recognized
easily by increasing ageing temperature to 500°C. For the Nirich NiTi, the R phase was present during heating processes,
below the recrystallization temperature. Figures 6(a)–6(d)
show the eﬀects of heat treatment temperature and time on
Mf, Ms, As, and Af temperature. As seen in Figure 6(a), the Mf
temperature increased after the ageing treatment. Aged at
300°C, the temperature increase was smaller than that at 400
and 500°C. It was found that the temperatures changed little
over ageing time. As seen in Figure 6(b), Ms increased with
ageing temperature. It increased only slightly with ageing
time at 400 and 500°C, while it was opposite at 300°C.
Overall, the temperatures were lower than the original
sample. The changes of As are shown in Figure 6(c), which
were basically consistent with the changes of Mf. As seen in
Figure 6(d), the Af temperatures decreased with ageing time
at 150°C. At 400°C, there was an initial decrease in Af and
then a rapid increase. At the highest ageing temperature,
500°C, the Af temperature changed signiﬁcantly and was
higher than that processed at 300 and 400°C. It increased
with ageing time and reached a maximum of 79.4°C at
60 min. Figure 6(e) shows the eﬀects of ageing temperature
and time on transformation hysteresis (As–Ms). The (As–Ms)
temperatures all increased after the ageing treatment. It was
found that there was an initial increase in (As–Ms) and then a
rapid decrease at 300 and 400°C. There was a maximum
phase transformation hysteresis at 400°C for 30 min. The
transformation hysteresis changed only modestly with
ageing time at 500°C, and the value was slightly lower than
that at 300 and 400°C.
The optical micrographs presented in Figure 7 show
clearly the martensite, grain boundaries, and the presence of
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Figure 4: Schematic diagram of the shape memory eﬀect of SMA-CG unit.
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Figure 5: DSC curves of the samples after thermomechanical treatment: (a) Cooling; (b) heating.

particles with diﬀerent sizes. The matrix structure observed
at room temperature was mainly martensite, with a small
amount of austenite. The density of these particles seems to
be higher in the 500°C aged sample than that of the 300 and
400°C aged sample. There are larger uniform coherent
precipitates [22].
3.2. Correlations between the Results of Shape-Setting and
Ageing Treatment. The geometries of the SMA-CG unit have
a strong relationship with ageing temperature and time.
Figure 8 shows the physical diagram of the units after ageing
treatment at diﬀerent temperatures for 10 min. Angles θ1
and θ2 represented the angles before and after warming in
the free state, respectively.
The results and comparison of angles θ1 and θ2 are
shown in Figure 9. Common cold stamping without shapesetting treatment could not prepare the SMA-CG unit and
the angle θ1 was 105.5°. As seen in Figure 9(a), the angles θ1
of the units after diﬀerent shape-setting treatments were
basically the same. They got close to 76.5° and the diﬀerence
between the maximum and minimum was 1.42°. As seen in
Figure 9(b), the angles θ tended to increase after warmed
above the austenite ﬁnish temperature (T �100°C). Ageing
treatments did not set the shape of the units absolutely.
When the ageing treatment was performed at 300 and 400°C
for longer time, the angles θ2 got smaller. The angles changed

only modestly at 500°C for 30 to 60 min. As seen in
Figure 9(c), there was poor shape maintenance at 300°C even
for longer time. The maximum angle θ2 was 84.37° and the
maximum increment compared to angle θ1 was 8.08°. The
angle was maintained better after 400°C for 60 min and the
increment was 1.95°. At the highest ageing temperature,
500°C, the shape maintenance worked best and the increments were less than 1°.
3.3. Correlations between the Mechanical Properties and
Ageing Treatment. Figure 10 is the summary plot of the
resilience rate for SMA-CG units after loading. The ﬁgure
shows that the resilience rate of the corrugated unit decreased
with strain (20–100%). The trends were basically the same
when aged at diﬀerent treatment temperatures for 10 to
60 min. When the strain was less than 70%, there was the
highest resilience rate at 300°C, it decreased slightly with ageing
temperature. There was rapid decreased in resilience rate as
temperature rising; it was most obvious at 500°C. When the
strain was 40%, the resilience rate decreased below 25%, and
then the trend slowed down. The rates were basically the same
under the ﬁnal strain, 100%. The ﬁnal rates got closer to 20%.
3.4. Correlations between the Shape Memory Eﬀect and Ageing
Treatment. The recovery rate Δ was discussed to characterize the shape memory eﬀect of SMA-CG units. It was
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Figure 6: Continued.
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Figure 6: Eﬀect of ageing treatment on phase temperature: (a) martensite phase transition ﬁnish temperature Mf ; (b) martensite phase
transition start temperature Ms; (c) austenite phase transition start temperature As; (d) austenite phase ﬁnish temperature Af ; (e) eﬀect of
ageing treatment on transformation hysteresis (As–Ms).
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Figure 7: Optical micrographs of specimens heat-treated at (a) 300°C; (b) 400°C; and (c) 500°C for 10 min.
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(a)

(b)

Figure 8: Physical diagram of units after ageing treatment at diﬀerent temperatures for 10 min: (a) Completing the initial shape-set ageing
treatment; (b) after warming in the free state (T �100°C).
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Figure 9: Results and comparison of angles θ between the adjacent unit struts: (a) Angles θ1; (b) angles θ2; (c) comparison before and after
warming up in a free state.
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Figure 10: Resilience rates for SMA-CG units after diﬀerent shapesetting heat treatments.

calculated after diﬀerent ageing treatments and strains.
Figure 11 shows the changes in recovery rates in all cases. As
seen in Figure 11, all the recovery rates Δ decreased with
strain. It represented the reduction of shape memory eﬀect.
When the maximum strain was 20%, the recovery rates were
over 98%. It was found that the SME changed only modestly
with ageing time at 300°C. The ﬁnal recovery rate was in the
range of 76.08% to 77.32%. At 400°C, there was the same
recovery rate for diﬀerent ageing times when the maximum
strain was less than 40%. If the strain was over 40%, there
was higher recovery rate during short time treatment at
400°C. The ﬁnal recovery rate was in the range of 77.93% to
81.15% at 400°C. At the highest temperature, 500°C, the
ageing time had a greater impact on recovery rate of SMACG units. The SME was maintained the best when aged at
500°C for 60 min. The recovery rate was up to 98% when the
maximum strain was 20%. At 500°C, the ﬁnal recovery rate
was in the range of 77.38% to 82.97%.

4. Discussion
The phase transition peaks got sharper in the DSC curves.
They indicated that the phase transition was obvious after
ageing. The defects and internal stresses formed during cold
working prevented the motion of interfaces of martensite. As
the material is aged, diﬀusion in the structure of material
leads to the annihilation of defects [23].
Shape-setting treatments not only can make the nitinol
sheets assume the preferred shape, but also can control the
transition temperatures precisely and mechanical performances of the structure. It is known that the metastable
Ti3Ni4 precipitates aﬀect the phase transition temperatures
in Ni-rich NiTi shape memory alloy [11, 22, 24]. The Ni
content in the precipitated Ti3Ni4 phase changes, which
causes a change in the transition temperature. There was an
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Figure 11: SME of SMA-CG units under diﬀerent shape-setting
treatments after being loaded.

initial decrease in Ms and then an increase. Mf and As had an
initial increase and then a decrease at 300°C. Ms decreased at
300°C and increased volatility at 400–500°C. After ageing at
low temperature (300°C), the NiTi matrix tissue precipitates
hardly increase. However, coherent Ni-rich compound will
precipitate over time, which is not conductive to martensitic
transformation [14]. The peak values of Af temperatures
were obtained after ageing at high temperature, 500°C. These
eﬀects can be understood by brieﬂy exploring two factors
that control the nucleation and growth of precipitates. At
high temperatures, there is suﬃcient thermal energy to
permit rapid diﬀusion of Ni and Ti atoms in the matrix. Ni
atoms gather in the precipitates and Ti atoms move to the
TiNi matrix phase. The DSC thermogram corresponding to
the temperature of 500°C reveals multistage transformations
(M°⟶°R R°⟶°A) which indicate the formation of uniformly distributed coherent Ni4Ti3 precipitates. Local
composition changes will aﬀect the transition temperature
although the overall composition is still Ti-50.53 at.% Ni.
Pelton et al. [15] obtained the maximum Af in the reaction at
about 425°C. His research explained this phenomenon. At
lower temperatures, higher nucleation rates will occur, but
the diﬀusion rates will be lower. These two processes are
balanced at the temperatures (350–450°C) to achieve maximum precipitation rates. The original specimen in this
paper is 0.27 at.% Ni less than Pelton’s. We saw the peak
values of Af at 500°C. If the temperature exceeds 500°C, the
precipitates will dissolve. And the transition temperature
will decrease as the Ni atoms diﬀuse back in the matrix [25].
The dual-state temperature characteristics of NiTi SMA
are temperature-lagging. The transformation hysteresis
(As–Ms) is related to thermal-mechanical treatment, processing method, and ternary element. There was large phase
transformation hysteresis (As–Ms) after ageing at 300 and
400°C for short time. The transformation hysteresis changed
only modestly at 500°C. At 400–500°C, both As and Ms

10
increase. As increases because of the releasing of lattice
distortion energy during ageing treatment. The orderly
structure makes the martensite less elastic strain energy
accumulated during the deformation process. It requires
more energy for its transformation to the parent phase. Ms
increases because of the ordering of crystals during ageing
treatment. That reduces the resistance of transforming to the
martensitic phase caused by structural defects [16]. In
summary, phase transformation temperatures can be easily
adjusted by diﬀerent ageing times and temperatures. Higher
Af temperature can be achieved when ageing at 400–500°C
for a long time. In addition, Af decreased by ageing at
300–400°C for a short time, but the value of phase transition
hysteresis (As–Ms) can be signiﬁcantly increased.
SMA gaskets with corrugated structural unit are used
under the operating condition of high temperature and
undulating load. It is expected to be pretensioned at room
temperature (T < Mf ) and work at higher temperatures
(T > Af ). It consists in use of reactive shape-recovering
stresses generated by deformed corrugation while with recovery of its initial shape. The reactive shape-recovering
stresses provide leak-tight, automatic, and continuous
contact between ﬂange surfaces [3]. In practical applications,
transformation hysteresis (As–Ms) ensures that the temperature is still above the martensite phase transition start
temperature (T > Ms) as much as possible when the operating temperature ﬂuctuates. And the gasket is maintained in
a single-phase austenite state without martensitic transformation. Therefore, the ageing treatment at 500°C for long
time should be set to achieve a high working temperature Af,
when the installation temperature Mf remains at room
temperature.
The result of the shape-setting studies performed here
reveals that ageing temperature is the most crucial factor to
shape-setting (see Figure 9). Ageing time has little eﬀect on
the shape-setting. The nitinol sheets were constrained on the
corrugate structure mold. Ageing treatments under this
condition created the free ageing condition for the straight
sections and the constrained ageing condition for the bent
part of the units. The ageing temperature should be higher
than 400°C to relieve the stresses and cause the nitinol sheets
to retain the shape of SMA-CG units when they were removed from the mold [5]. It can ensure that there is little
tendency to return to the sheet after repeated heating; that is,
the ability to maintain its structure is great. The shapesetting results were stable when the NiTi corrugated units
were constrain-treated on the mold at 500°C for ageing time
longer than 30 min. At the temperature 500°C for ageing
time 30–60 min, the shape maintenance worked best.
The resilience rate of SMA-CG unit decreased with
maximum strain. The resilience rate decreased faster with
increasing ageing temperature. As seen in Figure 10, the
resilience rate dropped below 25% when the strain was 40%.
Ti3Ni4 and Ti11Ni14 phase are easily precipitated at the early
stage of ageing treatment. These sedimentary phases hinder
the movement of dislocations. The increase in dislocation
resistance leads to an increase of strength and critical stress
slip of the matrix. The ﬁne precipitates are coherent with the
matrix. With ageing temperature and time increasing, the
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size of the precipitated phases increases, the coherence
decreases, the dislocation resistance decreases, and the
strengthening eﬀect on the matrix weakens. This is consistent with the eﬀect of ageing treatment on phase transition
temperature. In the initial stage of the ageing, there are many
dislocations and substructures remaining in the matrix,
resulting in high matrix strength. Therefore, it is easy to
obtain great superelasticity at low treatment temperature for
a short time. In contrast, the superelasticity and recoverability decreases [26, 27]. It can be seen in Figure 10, for the
same maximum strain, that the resilience rate of corrugated
unit aged at 300°C was higher than that aged at 400 and
500°C.
The shape memory eﬀect (SME) of SMA-CG is characterized as the recoverability obtained by measuring the
changes of angles θ. There was maximum recoverability
when the 60 min ageing treatment was performed at 500°C.
The strain should be controlled not more than 40% in order
to maintain good SME. As for the SME of NiTi alloy, there
are high dislocation density and material strength in the
parent phase after ageing at low temperatures. Stress-induced martensite reorientation is diﬃcult to occur, which
leads to poor shape memory eﬀect. As the ageing temperature rises, the dislocation density in the parent phase decreases, and the parent phase strength decreases. During
subsequent deformation, stress-induced martensite reorientation and dislocations are prone to change the internal
stresses in the sample [28]. The progressive development of
precipitated phases is associated with ageing temperatures in
quantity when ageing at 300–500°C. The ﬂaky Ti3Ni4 phase
particles strengthen the parent phase and preferentially
orienting the martensite modiﬁcation in the sample. Under
the combined action of applied stress and coherent stress
ﬁeld around the Ti3Ni4 phase, the martensitic variant is easy
to choose the preferred orientation that improves the oneway reversible strain [18].

5. Conclusion
In this paper, constrained ageing treatment of NiTi corrugated unit was studied. The results of phase transition
temperature, shape-setting, compression-resilience properties, and shape memory eﬀect were investigated. It is observed that transformation peaks get sharper by increasing
the ageing temperature and time. Higher Af temperatures
can be achieved at 500°C and at 400°C aged for a long ageing
time, while Mf temperatures are above room temperature.
The peak values were obtained after ageing at 500°C. The
results show that the suitable shape-setting temperature
should be chosen at 500°C for NiTi corrugated units. The
shape-setting results and ability of maintaining the shape
were stable when the units were constrain-treated at 500°C
for ageing time longer than 30 min. The resilience rate of the
SMA-CG unit decreased with increasing strain. The resilience rate decreased faster as the ageing temperature increased. It decreased the fastest with the increase of strain at
500°C aged for long time. Most of the aged units exhibited
good shape memory eﬀect when the maximum strain was
less than 40%. 500°C was the optimal ageing temperature for
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producing the expected corrugated units. The maximal recoverability could be retained aged at 500°C for 60 min.
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