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Abstract: In this paper, the strain rate dependence of hardening behavior of polycrystalline pseudoelastic
(PE) and shape memory effect (SME) TiNi alloy under impact loading was investigated by experiments.
Measurements of stress—strain curves, hardening modulus, hysteresis loop area, and temperature
variation are synchronized using in situ infrared detector system at the strain rate range from 300/s
to 2000/s. It is shown that with the strain rate increasing, for PE specimens, strain rate hardening
is observed, while SME specimens perform a strong nonlinear strain hardening. The results of
synchronous temperature measurement show that in stress-temperature space, for PE samples,
the dynamic transformation path is strain rate independent, but for the SME samples, the opposite is
true. Thermal-mechanical coupling does not seem to explain this difference, and hardening from
microstructure variation should be considered for such difference.

Keywords: shape memory materials; phase transformation; hardening; strain rate effect; temperature
evolution

1. Introduction

Due to the first-order martensitic phase transition, TiNi shape memory alloy (SMA) is well known
for two excellent properties: pseudoelasticity (PE) and shape memory effect (SME), which have been
exploited in a variety of fields, such as smart actuators, damping device, micro-electro-mechanical-systems,
biomedical applications [1], and so on.One of the key concerns in such applications is itsrate sensitivity
of the material’s performance. In recent decades, great efforts have been made to study the rate
dependent behavior of TiNi alloy, including (1) rate-dependent transformation fronts in different
structures (wire, plates, and tubes) [2—6]; (2) rate-dependent stress hysteresis and hardness [7-10];
(3) heat transfer analysis and simulations on the front motion [11,12]. The results show that the
mechanism of the strain rate effect lies in the temperature dependence of transformation stress.
However, most studies were focused on tensile strip and wire samples under quasi-static state,
and mostly for PE TiNi alloy.

As for dynamic conditions, there are some works which have studied the behavior of SMAs at
very high strain rates, up to 10%/s [13]. Experimental techniques, such as the split Hopkinson pressure
bar technique (SHPB) have been used to achieve these higher strain rates. However, their research
only focuses on the strain rate dependence of transformation stress and dissipation energy. In the
intermediate range, Chen et al. [14] studied the dynamic compressive PE behavior of a TiNi shape
memory alloy at strain rates of 81-750/s. It was shown that the compressive stress—strain cures show an
open hysteresis loops, what is more, dynamic strain lags behind stress during loading and unloading
at higher strain rates. On the order of 1~10%/s, Zurbitu et al. [15] studied the tensile behavior of PE TiNi
alloys. However, the above dynamic experimental research work is performed under the framework
of pure mechanics without the thermo-mechanics coupling effect. So that, the aim of this work is to
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carry out the dynamic hardening characterization of PE and SME TiNi SMA at impact strain rates over
the range 102-10%/s by a modified SHPB instrumented.

2. Material and Methodology

Polycrystalline available Ni 50.9 at.% Ti rods(Nitinol Devices & Components Fremont, Inc.,
Fremont, CA, USA) were used in the present study. The as-received TiNi rods were annealed at 800 °C
for 30 min to obtain a uniform coarse-grained microstructure with a mean grain size of 30 + 5 um.
Cylindrical specimens with a diameter of 8 mm and 6 mm length were wire-cut and annealed in
different conditions to achieve PE and SME stage specimens at room temperature (24.4 °C), respectively.
The transformation temperature was determined from the differential scanning calorimetry (DSC)
peaks using the slope line extension method, as shown in Figure 1. In particular, for PE specimens,
the forward martensitic transformation starts at —20.4 °C (M) and finishes at about —51.5 °C (M)
during cooling, while upon heating, the reverse transformation starts at about —31.6 °C (As) and
finishes at about —0.3 °C (A¢) and for SME specimens, the characteristic temperatures, Ms, Mg, Asand
Agare 11.4°C, 7.0 °C, 47 °C and 53 °C, respectively. It should be noted that before testing, the SME
specimen was heated in boiling water for 15 min, then it is taken out and cooled naturally to the room
temperature. The room temperature is higher than Ms point of SME TiNj, so the specimen will be still
in austenite phase.

Dynamic tests were completed in the laboratory of impact dynamics in university of science and
technology of China. The split Hopkinson pressure bar device (SHPB) apparatus was used to provide
impact loading, which has been articulated and now widely used for dynamic compression, as shown
in Figure 2a. The working principles and technical details of SHPB can be found elsewhere [16]. In situ
temperature can be measured by an infrared detector system (IR, red line in Figure 2), including an
optical system with 2:1 magnification and a single element IR detector. The detector is made of HgCdTe
(J15D12-M204-S01M-60, Judson Co., Decatur, AL, USA) that responds to radiation in the 8 to 14 um
wavelength range, corresponding to temperature from 300 to 400 K, which is adequate for measuring
surface temperature of the specimen during impact loading. The response time for the detector system
is less than 1 ps, fast enough for SHPB tests. Calibration of the IR system is of vital importance to
the reliability and accuracy of temperature measurement. A relationship between temperature and
voltage needs to be established before the actual test. More details of each of the components of
the system and calibration process are given in [17,18]. A typical strain and temperature and wave
signal for PE and SME is shown in Figure 2b,c, respectively. Based on the measured waveform,
the dynamic stress—strain curve of the material can be obtained by the three wave method [16], and the
corresponding temperature can be calculated through the calibration curve.
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Figure 1. Differential scanning calorimetry (DSC) cure of TiNi alloy specimens. (a) For PE; (b) For SME.
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Figure 2. Experimental setup and typical wave profiles. (a) Schematic illustration of the experimental
setup; (b) Typical signal for PE; (c) Typical signal for SME.

In SHPB experiments, dynamic stress equilibrium is a fundamental requirement for valid data
processing, because equilibrium is one of the basic assumptions upon which SHPB theory is built [16].
A homogeneously-deforming specimen under a dynamic equilibrium state of stress makes the
volume-average of the specimen’s behavior representative of the point-wise material properties. In our
experiments, we checked stress equilibrium by comparing the transmitted stress signal with the
difference between the incident and reflected stress signals. Figure 3 shows the results of such an
analysis on the stress pulses of Figure 2b,c. There are two nearly overlapping curves, indicating that
dynamic equilibrium stress state in the specimen has been achieved.
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Figure 3. Analysis of dynamic stress equilibrium. (a) For PE; (b) For SME.
3. Results and Discussion

The dynamic stress—strain cures under different strain rates are shown in Figure 4a,c. It is seen
that with the increase of strain rate, for PE samples, the slopes of forward phase transformation
increases gradually, showing a remarkable strain rate hardening characteristic. In contrast, for SME
samples (see Figure 4c), strong nonlinear strain hardening feature is observed, exhibiting more amazing
memory behavior. At strain rate of 2000/s, a turning point (D in Figure 4c) occurs during unloading,
which reflects the change of unloading mode. What is more, there exists residual strain both for PE
and SME, depending on the strain rate. Such residual deformation can be wholly recovered when the
recycled samples are heated again, suggesting that, in the process of dynamic transformation, there is
no plastic deformation or crack initiation/or propagation.

Obtaining the macroscopic hardening modulus Ey, i.e., slope of the loading mixed phase and
hysteresis loop areas Wy (dissipated energy) from the stress—strain curves, the relationship between E,
and the stain rate ¢ and that between Wy and ¢ are shown in Figure 4b,d. Two important features are
observed as following. First, in the case of PE, E;, varies monotonically with an increase in strain rate,
ranging from about 3.5 GPa at the strain rate of 300/s to 15.2 GPa for strain rate of 2000/s, which is
in consistent with previous findings [17]. In the case of SME, hardness (slopes of secant line linking
maximum stress point and initial stress point) increased approximately linearly with the strain rate
increasing. Second, Wy varies monotonically with strain rate, which plays an important role for fatigue
of SMA, which is totally different from results in [9]. In their results, W4 change non-monotonically,
with the strain rate ranging from 0.0001/s to 1/s.

The corresponding measured temperature are demonstrated in Figure 5. It is seen that, similar
to previous studies [11], there is detectable temperature rise at the initial loading, and an apparent
temperature rise is observed after the initial critical stress. Under a given strain rate, the difference
of temperature evolution between PE and SME is mainly reflected in unloading process: for PE,
temperature decreased because of unloading endothermic, but, for SME, temperature keeps the
maximum constant at low strain rates (300/s~1300/s) and decreased at high strain rate (2000/s). This is
because, when the strain rate is up to 2000/s, the maximum temperature increased to 54.2 °C, higher
than the characteristic temperature As (47 °C), which changes the unloading path from elastic to
partial inverse phase transition (Point D in Figure 4c). In addition, it can be seen that the maximum
temperature rise increases monotonously, with the strain rate increasing (see Figure 5c,d).
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Figure 4. Dynamic response for SME and PE under different strain rates. (a) Stress—strain curves for

pseudoelastic (PE); (b) Slopes and dissipated energy for PE; (c) Stress—strain curves for shape memory
effect (SME); (d) Slopes and dissipated energy for SME.
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Figure 5. Temperature evolution under different strain rates. (a) Temperature evolution for PE;
(b) Temperature rise vs. strain rate for PE; (c) Temperature evolution for SME; (d) Temperature rise vs.
strain rate for SME.

In stress-temperature space, as shown in Figure 6, it can be seen that for PE, phase transition
paths are almost parallel (about 15.4 MPa/K), suggesting that the strain rate does not affect transition
path. For SME, the transformation path line shifts and significant strain rate effect can be observed
(see Figure 6b). Moreover, temperature evolution is synchronized with stress variation. As such, it is
believed that the dynamic transformation deformation is uniform.On the contrary, from experiments of
adiabatic shear [19], phase transformation band propagation [20-22], the delay of temperature rises with
respect to stress was observed, which is due to the non-uniform deformation. In addition, the transition
of unloading path (point D in Figure 6b) can be clearly seen at strain rate of 2000/s, which is consistent
with the result in Figure 4c. The observed fact that temperature evolution happens quite consistent
with transformation stress suggests that it should be the cause of hardening. As the transformation
proceeds, the temperature increases, and higher stress is needed to drive the continuous transformation,
since the intrinsic temperature dependence of the transformation stress, showing hardening behavior.
However, why are they so different in case of PE and SME, respectively? Thermal-mechanical coupling
does not seem to explain this difference. As such, we believe that hardening from microstructure
variation should be equally true for such hardening.
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Figure 6. Dynamicphase transformation paths for PE and SME TiNi alloys. (a) For PE; (b) For SME.



Metals 2020, 10, 1157 7of 8

4. Conclusions

The dynamic hardening behavior of the PE and SME TiNi alloy subjected to impact loading
is studied experimentally in the present paper. According to the dynamic stress—strain curves,
the PE specimen shows obvious strain rate hardening features, however, in the stress temperature
space, the effect of strain rate on the real-time dynamic path of phase transformation is not
significant. The mechanism lies in the temperature dependence of phase transformation stress,
that is, the temperature rise caused by phase transformation deformation makes the further phase
transformation need higher stress to drive, which shows a significant strain rate hardening feature
on the macro level. In contrast, the SME specimen displays strong nonlinear strain hardening
characteristics without strain rate effect, but the dynamic phase transition path shows remarkable
strain rate dependent. It seems that the thermal mechanical coupling mechanism cannot explain such
strain hardening characteristics and the strain rate effect of the transformation path for SME TiNi
alloy. Moreover, it is impossible to make a reasonable analysis of the differences between PE and
SME. Further efforts should be taken to theoretically reveal the intrinsic mechanism of the hardness
difference between PE and SME TiNi alloy.
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