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Abstract: In recent years, shape memory alloys (SMAs) have been applied in the vibration control of
engineering structures due to their special properties such as super elasticity and high damping, and
the study of the performance of SMA wires has been relatively comprehensive, while research on the
fatigue performance of SMA bars via cyclic tensile tests has been pretty rare, and low-cycle fatigue
test has not been reported. However, the damage to building structures caused by earthquakes is of
high-strain, low-cycle fatigue; therefore, in order for SMA bars to be used in seismic design, low-cycle
fatigue tests were conducted on SMA bars with a diameter of 14 mm in this paper. Firstly, specimens
were heat treated at a constant temperature of 350 °C for 30 min; other specimens were heat treated
at a constant temperature of 400 °C for 15 min, while the rests were heat treated under a constant
temperature of 400 °C for 30 min. Secondly, the energy dissipation capacity and residual strain of the
SMA bar specimens were determined using the low-cycle fatigue test, in which the strain amplitudes
were 2.5%, 3.5% and 3.75%. Additionally, the stress—strain relationship for SMA bars under cyclic
loading was given. Finally, low-cycle fatigue properties of SMA bars were numerically simulated in
the comparison analysis with the experimental results to verify their feasibility. Thus, it is proved
that SMA bars can be recommend for seismic design building structures.

Keywords: shape-memory alloy; low-cycle fatigue; superelastic effect; re-centering effect

1. Introduction

In recent years, earthquakes have occurred frequently, such as the Wenchuan earth-
quake in 2008, the Great Intelligence Earthquake in 2010, the Honshu Earthquake in 2011,
and the Great Turkey Earthquake in 2023; they caused significant casualties and economic
losses, and tens of thousands of buildings were damaged and collapsed. In the Turkey
earthquake, buildings with strict seismic designs survived two consecutive 7.8 magnitude
earthquakes, thus proving that the damage to buildings can be prevented and reduced.
Under the action of high-strain and low-circumference earthquakes, fatigue damage occurs
in a structure, and an earthquake causes high residual deformation or direct damage to tra-
ditional ductile members, making the structure difficult to recover after the earthquake, and
even causing collapse damage to occur. Therefore, it is imperative to explore ductile and
high-strength building materials and design functional members with recoverable perfor-
mances. The early research on SMAs mainly focused on small-diameter wire: Graesser [1]
studied the hysteresis model and cyclic tests of shape-memory alloys and modified the
hysteresis model of SMAs. Piedboeuf [2] proposed a third harmonic Fourier sinusoidal se-
ries model to simulate the dynamic behavior of shape-memory alloys. Dolce [3] conducted
cyclic tensile tests on SMA filaments to observe the changes in properties such as cut-line
stiffness, energy loss, equivalent damping and residual strain during the tests. Gong [4,5]
conducted an experimental study on the superelastic behavior of SMA wires under cyclic
loading conditions with different temperatures and strain rates and suggested that pre-
training can make the superelastic properties of SMA wires become stable. Sadiq [6]
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investigated the effect of heat treatment parameters on the mechanical behavior of NiTi
shape-memory alloy wires. Tamai [7] proposed a shape-memory alloy wire-based seismic
member and studied the restoring force characteristics of the SMA wire. Zuo [8] investi-
gated the effects of ambient temperature, strain amplitude, number of cycles and loading
rate on the mechanical properties of SMA wire in a superelastic state. Qian [9] studied
the mechanical properties of SMA wires, showing that the damping energy dissipation
characteristics and self-resetting characteristics of SMA wires with diameters of 0.5 mm are
better than SMA wires with diameters of 1.2 mm and 2.0 mm. Li [10] discussed the effects
of strain amplitude and number of cyclic loadings on the maximum phase change strain of
SMA wire. Yan [11] investigated the superelastic properties of SMA wires via cyclic tensile
tests and compared the experimental results with Grasser’s theoretical model.

However, due to the restoring force provided by SMA wire being limited and the
application of bar-shaped members such as steel bars being more extensive in engineer-
ing practice, scholars at home and abroad have investigated the effects of different heat
treatment conditions, strain amplitudes and loading rates on the mechanical properties of
large-diameter SMA bars through torsional and cyclic tensile tests in recent years: Chen [12]
studied the stress—strain behavior of shape-memory alloy bars at cyclic loading rates of
0.001-750 s~ ! and investigated the effect of loading rates on the mechanical properties of
shape-memory alloys. Dolce [13] performed torsion tests on SMA bars. Desroches [14]
conducted tests on SMA bars under quasi-static and dynamic loading, and the effect of
bar size and loading history on its strength and equivalent viscous damping was inves-
tigated. Wang [15] discussed issues related to the heat treatment, mechanical property
evaluation and joint design of SMA bars with a diameter of 14 mm. Zheng [16] obtained
the relationship between the hyperelastic properties of SMA bars and the loading rate via
cyclic tensile tests. Ren [17] found that the superelasticity of SMA bars decreases in cyclic
loading and unloading, but the output force of 14 mm diameter bars is large. Dong [18]
conducted experimental research on the heat treatment and material properties of SMA
bars with a diameter of 14 mm and used it to develop a 25 mm diameter SMA self-resetting
device. Kang [19] investigated the mechanical properties of shape-memory alloy bars with
a diameter of 14 mm for different heat treatment processes. Wang [20] conducted superelas-
ticity tests on SMA bars of different diameters with different loading regimes and proposed
that the shape-memory alloy material can be made fully superelastic through “exercise”.
Zhuang [21] conducted mechanical tests on SMA bars of two chemical compositions and
also simulated the mechanical properties with finite element software.

At present, most scholars have studied the fatigue properties of SMA via cyclic tensile
tests, but the low-cycle fatigue properties of Ni-Ti shape-memory alloys are rarely studied.
Therefore, in this paper, low-cycle fatigue tests are conducted on large-diameter SMA
bars to study the effects of different heat treatment conditions and strain amplitudes on
the energy dissipation capacity and recovery performance of SMA bars, which lay the
foundation for the establishment of the fatigue damage model of shape-memory alloys.

2. Materials and Methods
2.1. Specimen Design and Experimental Materials

The test was conducted using SMA bars with a diameter of 20 mm provided by Baoji
Hai peng Metal Materials Co. The component content of the material is shown in Table 1.
The critical phase transition temperature of the specimen was Af =10 °C £ 5 °C, and the
experimental temperature was 20 °C & 3 °C, so the specimen was in an austenite state.

Table 1. Component content of SMA materials.
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The SMA bars were designed and processed into the specimen shown in Figure 1 in
accordance with GBT3075-2008 “Metallic Materials-Fatigue testing-Axial force-controlled
method”, and the specimens were heat treated at 350 °C (30 min), 400 °C (15 min) and
400 °C (30 min).
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Figure 1. Specimen for low circumference fatigue test. (a) Specimen size. (b) Specimen.

2.2. Experimental Equipment

The test equipment was a model 370.25 MTS Landmark electro-hydraulic servo me-
chanics test system with a maximum rated load of 250 KN. The equipment is shown in
Figure 2.

Figure 2. Test equipment.

2.3. Low-Cycle Fatigue Test Scheme

The low-cycle fatigue test was carried out in accordance with GB/T 15248-2008 “The
test method for axial loading constant-amplitude low-cycle fatigue of metallic materials”.
In order to study the effect of different strain amplitudes and heat treatment conditions on
the fatigue performance of shape-memory alloys, the experimental parameters are listed in
Table 2, and the test scheme was formulated as follows:

Table 2. Low-period fatigue experimental parameters.

Specimen Number Diameter (mm) T?:;;‘;:i:‘(e;‘é) H?rai:n"l:‘e(raltlrirrlsnt Ampslglaltir:e o Load Rate (Hz)
1 14 350 30 +25 0.01
2 14 350 30 +3.5 0.01
3 14 350 30 +3.75 0.01
4 14 400 15 +2.5 0.01
5 14 400 30 +2.5 0.01

I: Three shape-memory alloy specimens (specimen 1-3) were taken and cyclically
loaded at strain amplitudes of £2.5%, +3.5% and +3.75% 30 times after being held at
350 °C for 30 min to analyze the low-cycle fatigue performance of the shape-memory alloy
at different strain amplitudes.

II: The bars (specimen 4-5) held at 400 °C for 15 min and 400 °C for 30 min were
cyclically loaded for 30 cycles with the strain amplitude of £2.5%, and the test results were
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compared with the test on bars held at 350 °C for 30 min to analyze the effect of different
heat treatment conditions on the fatigue performance of the shape-memory alloy.

To reduce the measurement error caused by the loading rate, the loading frequency of
the test was 0.01 Hz, and the waveform was a sine wave (as shown in Figure 3). According
to the comparison of the specimen before and after loading (as shown in Figure 4), there
was no obvious buckling of the specimen.

E(%)

l/\/\/\/\/\
\VARVERVARVARVA

Figure 3. Loading waveform.

(b)

Figure 4. Specimen for low-circumference fatigue test. (a) Before loop loading. (b) After 30 cycles.

3. Static Tensile Test

In this study, the peak tensile stress and the stress—strain relationship of the specimens
were required for the low-circumference fatigue test study of the SMA bars. Therefore,
a static tensile test was required. The test equipment was a MTS Landmark® electro-
hydraulic servo test system, and the test was conducted in accordance with the require-
ments of GB/T228.1—2010 “Metallic materials-Tensile testing Part 1: Method of test at
room temperature”.

The static tensile test results of the SMA bar are shown in Table 3, and the stress—strain
curves are shown in Figure 3. From Table 3 and Figure 5, it can be seen that the peak tensile
stress of the SMA bar is 682.68 MPa and the elongation is 14.52%, which is within the 12%
error with the quality inspection report data provided by the manufacturer. It can be seen
that the SMA bar has stable performance, so the test data have good reliability and can be
used as the basis for determining the bar’s fatigue test parameters.

Table 3. Monotonic tensile test data of SMA bar.

Items Value
Yield strength (fy) 432.48 MPa
Yield strain (ey) 3.75%
Elastic modulus (Es) 29,454 MPa
Strain of the intensive start phase (egy) 4.24%
Elastic modulus of the intensive start phase (Eg,) 3292 MPa
Peak stress (fy) 682.68 MPa

Strain corresponding to the peak stress (ey) 14.52%
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Figure 5. Monotonic tensile stress—strain curve of SMA bar.

4. Analysis of Low-Cycle Fatigue Test Results
4.1. Influence of Strain Amplitude on Superelasticity and Energy Consumption of SMA Bar

Three shape-memory alloy bars (specimens 1-3) with the diameter of 14 mm and
heat treatment parameters of being held at 350 °C for 30 min were selected for a low-cycle
fatigue test with strain amplitudes of 2.5%, 3.5% and 3.75%, The stress—strain curves of the
three specimens after 10 cycles at different strain amplitudes are shown in Figure 6. From
Figure 6a—c, it can be seen that with the increase in strain amplitude, the area of hysteresis
curve becomes larger, and the shape becomes full, which means that the energy dissipation
capacity of the specimen is enhanced.
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Figure 6. Effect of strain amplitude on stress—strain relationship: (a) Strain amplitude of £2.5%;
(b) strain amplitude of +3.5%; (c) strain amplitude of £3.75%.

To investigate the changes in the residual strain and energy dissipation level of SMA
bars with the increase in cycle times at different strain amplitudes, the residual strain and
energy dissipation capacity of specimens under different strain amplitudes were analyzed
by taking cycle times as abscissa (as shown in Figure 7). Figure 7 shows that when the
strain amplitude is 2.5%, the energy dissipation and residual strain are very small and
almost keeps constant with the increase in cycle times. When the strain amplitude is 3.5%,
the residual strain of the specimen increases from 0.29% to 0.43%, with an increase of 48.3%;
the energy consumption of the specimen decreases from 107.42 KN-mm to 93.16 KN-mm,
with a decrease of 13.3%. When the strain amplitude is 3.75%, the residual strain of the
specimen increases from 0.22% to 0.33%, with an increase of 50%; the energy consumption
of the specimen decreases from 124.27 KN-mm to 99.65 KN-mm, with a decrease of 19.8%.
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Figure 7. Effect of strain amplitude on residual strain and energy dissipation: (a) Effect of strain
amplitude on residual strain; (b) effect of strain amplitude on energy consumption.

The residual strain of SMA bars at the strain amplitude of +3.5% lies between it at a
strain amplitude of +2.5% and £3.75%; then, the test results are in accordance with the
basic law. However, the test results deviate near the sixth cycle when the strain amplitude
is +3.5%. The reasons for this are as follows: firstly, the specimens used in this test are
slightly different in size from the low-circumference fatigue standard specimen, so there is
a size effect. The second is that the processing quality of SMA material is slightly unstable,
and the internal lattice microstructure of the material itself has an influence.

The test results show that the SMA bar with a diameter of 14 mm has small residual
strain, good recovery performance and certain energy dissipation capacity under a low-
cyclic reciprocating load.

4.2. Influence of Cyclic Loading Times on the Superelastic and Energy Dissipation Properties of
SMA Bars

The SMA bar (specimen 3) which underwent a heat treatment condition of being held
at 350 °C for 30 min was cycled for 5, 10, 20 and 30 turns with a £3.75% strain amplitude,
and its stress—strain hysteresis curves were plotted (Figure 8a—d).

It can be seen from Figure § that (1) when the strain amplitude is £3.75%, the negative
stress of the specimen has an obvious degradation process during cyclic loading, but the
degradation of the positive stress is not obvious. (2) The area of the hysteresis curve gradu-
ally decreases with the increase in cycle times, which means that the energy consumption
of the specimen gradually decreases with the increase in cycle loading times.

Figure 9 shows the variation trend of residual stress and the single-cycle energy
consumption of specimen 3 with the increase in cycle times during loading: with the
increase in cyclic loading times, the residual strain of the specimen gradually rises until
it is stable, and the maximum residual strain in the cyclic process is about 0.4%. The
energy consumption of a single cycle gradually decreases until it is stable, and the energy
consumption of a single cycle is at least 75 KN-mm. According to the test results, the SMA
bar with the diameter of 14 mm has a certain energy dissipation capacity and recovery
performance under a reciprocating load.

Figure 10 shows the trend of the peak stress of specimen 3 with the increase in cycling
period in the process of cyclic loading: when the strain amplitude is 3.75%, the maximum
tensile stress of specimen remains stable, and the maximum compressive stress has a
decreasing trend in the early stage of loading and gradually stabilizes after a certain cycle.
It can be seen that during the loading process, the specimen first presents a certain degree
of cyclic softening and then enters the cyclic stable state.
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Figure 8. Influence of cyclic loading times on the stress-strain relationship: (a) 5-week cycle at +3.75%
of amplitude; (b) 10-week cycle at +3.75% of amplitude; (c) 20-week cycle at +3.75% of amplitude;
(d) 30-week cycle at £3.75% of amplitude.
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Figure 9. Trend of residual strain and energy dissipation of the specimen with increasing number of
cycles; (a) effect of cycle number on residual strain; (b) effect of cycle number on energy consumption.
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Figure 10. Comparison of peak stress variation at different numbers of cycles.

4.3. Influence of Heat Treatment Parameters on Superelasticity and Energy Consumption of
SMA Bar

The SMA bars, after three different heat treatments of being held at 350 °C for
30 min, held at 400 °C for 15 min and held at 400 °C for 30 min, were subjected to a
low-circumferential fatigue test with a strain amplitude of £2.5%, and their stress—strain
hysteresis curves are shown in Figure 11. From the test data, the residual strains of the three
specimens with different heat treatments are 0.15%, 0.12% and 0.05%; the energy dissipation
values are 26.03 kN-mm, 47.15 kN-mm and 41.77 kN-mm. In summary, the SMA bars with
the heat treatment of being held at 400 °C for 15 min have the best performance.
-+ 350°C (30min)

—— 400C (15min)
= — 400C (30min)

800
600
400
200

a/MPa
)

200
100
600 o
P

~1000

-3 -2 -1 0 1 2 3
&/%

Figure 11. Effect of heat treatment parameters on stress—strain relationship.

5. FEA

According to the experimental data, the Auricchio multi-linear simplified model in
ABAQUS [22,23] was used to simulate the low-cycle fatigue performance of SMA bar with
the heat treatment parameters of being held at 350 °C for 30 min, and the comparison of
the stress—strain curve and nephogram between the finite element and experiments are
shown in Figures 12 and 13.
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Figure 12. Comparison of experimental results and simulation results of stress—strain curve: (a) Strain
amplitude of £3.5%; (b) strain amplitude of £+3.75%.
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Figure 13. SMA bar axial strain nephogram: (a) Stress amplitude of +3.5%; (b) stress amplitude
of £3.75%.

The comparative analysis of the mechanical parameters in Table 4 shows that the
error of the stress peak between the experimental results and the simulated analysis is
within 5%, which means that the finite element simulation results are in better agreement
with the experimental results. However, the energy consumption error is relatively large
because the fatigue caused by the small deformation observed in the test is not considered
in the numerical simulations. Moreover, a larger hysteresis loop area and increased energy
consumption result from the residual strain in the specimen. Generally, the stress—strain
hysteresis curves obtained from the finite element simulation are in good agreement with
the stress—strain curves obtained from the tests, so it is feasible to use ABAQUS2021 to
simulate the low-circumference fatigue of the shape-memory alloy bars.

Table 4. Comparative analysis of mechanical parameters.
Specimen Tvpe Type of Single-Week Energy Tensile Stress Peak Compressive Stress
P yp Parameter Consumption (kN-mm) (MPa) Peak (MPa)

Experiment 107 .42 507.1 738.1

Strain Amplitude of +3.5% Simulation 56.29 505.2 752.7
Error 47% 0.37% 1.98%

Experiment 124.27 491.1 743.2

Strain Amplitude of +3.75% Simulation 76.3 500.7 752.4
Error 38.60% 1.95% 1.23%

6. Conclusions

In this paper, the influences of strain amplitude, cycle times and heat treatment
conditions on the fatigue properties of shape-memory alloy bars with the diameters of
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14 mm were studied by using a low-cycle fatigue test method. The results show the energy
dissipation capacity and small residual strain of the SMA bars under low cyclic fatigue
loading, implying that SMA bars can be used as self-centering energy-dissipating elements
in seismic design. The following conclusions are obtained:

(1). With the increase of strain amplitude, the energy dissipation performance of SMA
bars shows an overall upward trend, and the residual strain is relatively small at the
strain amplitude of 3.5% and 3.75%.

(2). In the test, with the increase of loading times, the peak compressive stress of SMA
bars gradually tends to be stable after obvious degradation, the energy consumption
of a single cycle decreases and the residual strain increases.

(3). The heat treatment parameters affect the energy dissipation and residual strain of
shape-memory alloys. Larger energy dissipation and smaller residual strain of the
SMA bar are obtained at 400 °C for 15 min.
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