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The four main objectives of the current research are: (1) achieve the single loading and 

the control of strain, constant strain rate and temperature in high strain rate compression tests of 

NiTi SMA specimens using Kolsky (split Hopkinson) compression bar; (2) explore the high strain 

rate compressive responses of NiTi SMA specimens as a function of strain (1.4%, 1.8%, 3.0%, 

4.8%, and 9.6%), strain rate (400, 800 and 1200 s-1), and temperature (room temperature (294 K) 

and 373 K); (3) characterize and compare the microstructure, phase transformation and crystal 

structure of NiTi SMAs before and after high strain rate compression;  and (4) correlate high 

strain rate deformation with  the changes of microstructure, phase transformation characteristics 

and crystal structure. It was found that: (1) the compressive stress strain curves of martensitic 

NiTi SMAs under quasi-static loading conditions are different from those under high strain rate 

loading conditions, where higher strain hardening was observed; (2) the critical stress and stress 

plateau of martensitic NiTi SMAs are sensitive to the strain rate and temperature, especially at 

373K, which results from the interplay between strain hardening and thermal softening; (3) the 

microstructure of martensitic NiTi SMA has changed with increasing strain rate at room 

temperature (294 K), resulting in the reduction in the area of ordered martensite region, while 

that area increases after deformation at elevated temperature (373K); (4) the phase 

transformation characteristic temperatures are more sensitive to deformation strain than strain 

rate; (5) the preferred crystal plane of martensitic NiTi SMA has changed from (1111̅)M  before 

compression to (111)M  after compression at room temperature (294), while the preferred plane 

remains exactly the same for martensitic NiTi SMA before and after compression at 373 K. 
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 CHAPTER 1 

 INTRODUCTION 

1.1 Motivation 

Besides the high strength and ductility, good corrosion resistance, and excellent 

biocompatibility and damping capacity, the unique properties of shape memory effect and 

superelasticity of NiTi shape memory alloys have attracted great attention for several decades. The 

applications of NiTi SMAs can be found in many engineering and medical fields as actuators, 

electrical connectors, circuit breaker, couplings and fasteners, valves, robotics, stents, vena cava 

filters, orthopedic and cardiovascular devices [1–5]. Due to either stress-induced martensite phase 

transformation or stress induced martensite variant reorientation under the applied load, NiTi SMA 

has exhibited a high damping capacity in both austenitic and martensitic phase. In recent years, 

the innovative applications of NiTi SMAs have been developed and extended to utilize the high 

damping capacity of NiTi SMAs [6–12] where high strain rate loading condition is viewed as a 

critical situation. The lack of systematic and comprehensive research on the mechanical response 

of NiTi SMA under high strain rate loading restrains the application of NiTi SMA as seismic 

elements and energy absorbing devices in earthquake and civil engineering. Therefore, a 

systematic study of mechanical behavior as a function of strain, strain rate and temperature and 

the related deformation mechanism under high strain rate loading and the influence of dynamic 

loading on the phase transformation, microstructure and crystal structure are needed. However, the 

high strain rate experiments on NiTi SMAs in the existing literature were mostly conducted either 

under non-constant strain rate or with multiple loading [13]. Very few research focused on the 

combined effects of strain, strain rate and temperature on the mechanical response and 
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microstructural evolution of NiTi SMAs [14]. There is no literature addressing the correlation 

between high strain rate deformation and the changes of microstructure, phase transformation and 

crystal structure after deformation. Therefore, the present work provides very useful information 

and basic knowledge in the properties of NiTi SMAs under high strain rate loading and also 

facilitates the application of NiTi SMAs in seismic and civil engineering fields. 

1.2 Contributions of the Dissertation 

For NiTi shape memory alloys there are three major contributions: (1) Most of the previous 

research of NiTi SMAs under high strain rate loading were conducted either under non-constant 

strain rate or without single loading control. Kolsky (split Hopkinson) compression bar is the most 

widely used apparatus to determine mechanical properties at strain rates in the range of 102~104 s-

1. The compressive stress strain curves of martensitic NiTi SMA specimens were determined using

Kolsky compression bar with the employment of pulse shaping and single loading techniques, 

which ensures constant strain rate loading and single stress pulse loading. Therefore, more reliable 

and accurate mechanical behavior data of martensitic NiTi SMA under high strain rate loading 

conditions were obtained in the present work. (2) With the single loading technique, precise 

deformation control (1.4%, 1.8%, 3.0%, 4.8%, and 9.6%) under high strain rate has been achieved. 

Additionally, with the control of deformation temperature, the same type of materials have been 

tested at low temperature (T< Mf, martensite phase) and 373 K (T> Af, austenite phase), 

respectively. Consequently, the mechanical responses of martensitic NiTi SMA specimens under 

various strain, strain rate and temperature were compared and analyzed. 

(3) In order to better understand the effect of dynamic loading on phase transformation of 

NiTi SMA, phase transformation in martensitic NiTi SMA after high strain rate compression and 
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various annealing was detected by the differential scanning calorimetry (DSC). In addition, the 

microstructure before and after high strain rate deformation has been carefully examined by using 

high resolution scanning electron microscopy (SEM). Based on the microstructure changes, the 

correlation between deformation and microstructure has been established qualitatively. 

Furthermore, the crystal structure after high strain rate deformation has also been characterized by 

X-ray diffractometer (XRD), which revealed the preferred crystal plane after deformation as well 

as dynamic recovery and recrystallization. 

1.3 Arrangement of the Dissertation 

There are 7 chapters in this dissertation, which are arranged as follows: 

Chapter 1 is an introduction, which summarizes the motivation and contributions of this 

dissertation work. Chapter 2 presents various aspects of NiTi SMAs obtained from the literature 

and establishes a background to better understand this dissertation work. Beginning with the brief 

history of shape memory alloy, phase diagram, crystal structure of primary phases and precipitates 

and the phase transformation are illustrated. Subsequently, the mechanical behavior of NiTi SMAs 

and the related factors have been summarized. Chapter 3 reports the comparison of compressive 

stress strain curves under quasi-static and high strain rate loading conditions and the influence of 

these deformation on phase transformation of martensitic NiTi SMAs. Chapter 4 presents the 

effect of deformation strain on stress strain curves under high strain rate compression and the 

effects of high strain rate deformation on the microstructure, phase transformation and crystal 

structure. Chapter 5 examines the effect of strain rate and deformation temperature on the 

mechanical response, microstructure, phase transformation and crystal structure. Finally, Chapter 

6 presents future work and Chapter 7 reports the matlab codes used to calculate the stress strain 

curves under high strain rate loading conditions. 



4 

1.4 References 

[1] L.G. Machado, L.G. Machado, M. a Savi, M. a Savi, Medical applications of shape memory 

alloys., Brazilian Journal of Medical and Biological Research. 36 (2003) 683–91. 

doi:S0100-879X2003000600001. 

[2] N.B. Morgan, Medical shape memory alloy applications—the market and its products, 

Materials Science and Engineering A. 378 (2004) 16–23. doi:10.1016/j.msea.2003.10.326. 

[3] T. Duerig, A. Pelton, D. Stoeckel, An overview of nitinol medical applications, Materials 

Science and Engineering A. 273-275 (1999) 149–160. doi:10.1016/S0921-5093(99)00294-

4. 

[4] M.M. Kheirikhah, S. Rabiee, M.E. Edalat, A review of shape memory alloy actuators in 

robotics, RoboCup 2010: Robot Soccer World Cup XIV. Springer Berlin Heidelberg. 6556 

LNAI (2011) 206–217. doi:10.1007/978-3-642-20217-9_18. 

[5] J. Van Humbeeck, Non-medical applications of shape memory alloys, Materials Science 

and Engineering A. 273-275 (1999) 134–148. 

[6] J. Van Humbeeck, Damping capacity of thermoelastic martensite in shape memory alloys, 

Journal of Alloys and Compounds. 355 (2003) 58–64. doi:10.1016/S0925-8388(03)00268-

8. 

[7] D.E. Hodgson, Damping applications of shape-memory alloys, Materials Science Forum. 

394-395 (2002) 69–74. 

[8] V. Torra, A. Isalgue, C. Auguet, C. Carreras, G. Lovey, P. Terriault, Damping in civil 

engineering using SMA Part 2-particular properties of NiTi for damping of stayed cables in 



5 

bridges, Canadian Metallurgical Quarterly. 52 (2013) 81–89. 

[9] Y. Liu, J. Van Humbeeck, On the damping behaviour of NiTi shape memory alloy, Le 

Journal de Physique IV. 7 (1997) 519–524. 

[10] J. McCormick, R. DesRoches, Damping properties of shape memory alloys for seismic 

applications, in: Proceedings of the 2004 Structures Congress, 2004: pp. 22–26. 

[11] Y. Chen, H.C. Jiang, S.W. Liu, L.J. Rong, X.Q. Zhao, Damping capacity of TiNi-based 

shape memory alloys, 482 (2009) 151–154. doi:10.1016/j.jallcom.2009.03.148. 

[12] S.. Wu, H.. Lin, Damping characteristics of TiNi binary and ternary shape memory alloys, 

Journal of Alloys and Compounds. 355 (2003) 72–78. doi:10.1016/S0925-8388(03)00279-

2. 

[13] S. Nemat-Nasser, J.Y. Choi, W.-G. Guo, J.B. Isaacs, M. Taya, High Strain-Rate, Small Strain 

Response of a NiTi Shape Memory Alloy, Journal of Engineering Materials and Technology. 

127 (2005) 83–89. doi:10.1115/1.1839215. 

[14] R.R. Adharapurapu, F. Jiang, K.S. Vecchio, G.T. Gray, Response of NiTi shape memory 

alloy at high strain rate: A systematic investigation of temperature effects on tension-

compression asymmetry, Acta Materialia. 54 (2006) 4609–4620. 

doi:10.1016/j.actamat.2006.05.047. 



6 

 CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 

2.1 Brief History of Shape Memory Alloys 

Shape memory alloys (SMAs), well known for their ability to “remember” their shape, can 

return to the pre-deformed shape by heating, which is also known as shape memory effect (SME). 

The first documented SME was in 1932 when Ölander noticed a rubber-like behavior in Au-47.5Cd 

alloy system [1,2]. Several years later, Greninger and Mooradian [3] observed the martensitic 

phase in a Cu-Zn alloy. In 1949, Kurdyumov et al.[4,5] observed thermally reversibility of the 

martensitic transformation in Cu-Al alloys under optical microscope and contributed to the 

theoretical study of martensitic transformation. That was followed by the observations of 

martensite twinned structures in In-TI and Au-Cd systems[6]. Substantial progress was made by 

Chang and Read [7] in 1951, who proposed an explanation of the rubber-like behavior in Ölander’s 

Au-47.5Cd alloy system and demonstrated that the reverse transformation from orthorhombic to 

parent cubic phase contributed to its recovery after deformation. In the following decade, various 

alloy systems had been demonstrated SME behavior, including equiatomic NiTi alloy, which was 

first found by Buehler and Colleagues [8,9] at the U.S. Naval Ordnance Laboratory. Among these 

alloy systems, NiTi alloy system has relatively low density, good mechanical properties, excellent 

corrosion resistance, biocompatibility and damping capacity [10]. 

After the discovery of SME in a bend strip of NiTi alloy, the fundamental research about 

the origin and mechanism of SME had significantly increasing with the investigation of the stress-

induced martensitic transformation (SIM). Because of relative low cost and easy to obtain single 
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crystal, Cu based alloys are the mainly research subject at the early stage [11–14] (details about 

NiTi alloys can be found in the following part). 

Started in 1970s NiTi, alloys were widely used as medical materials, such as orthodontic 

wire and  heart stent, and became commercialized and populous in medical industry[15–19]. With 

the development of NiTi alloy in medical applications, its application as smart actuators [20–22] 

and potential utilization as seismic protection materials (or damping materials) [23–25] have 

attracted increasing attentions to investigate the mechanical behaviors of NiTi shape memory 

alloys, especially under high strain rate loading conditions. 

2.2 Phase Diagram 

The phase diagram of NiTi alloy system is significant for tuning shape memory features 

through heat treatment of the alloys. NiTi phase diagram had been investigated for several decades 

and remained controversial for more than 30 years before consensus was established [10]. In 1950, 

Duwez and Taylor [26] first observed the decomposition of NiTi into TiNi3 and Ti2Ni at 1073 K 

(800 °C), which was also confirmed by Poole and Hum-Rothery in 1955 [27]. Later on, with high 

temperature X-ray diffraction and Metallographic techniques, Purdy and Parr [28] reported that 

NiTi phase extends to lower temperatures range and the slope of the phase boundary on the Ti-rich 

side is steeper than that on the Ni-rich side. Furthermore, they also observed reversible phase 

transformation in NiTi phase at 309 K (36 °C) when the Ni content is less than 51% at. in all NiTi 

alloys. After many years’ effort to complete the NiTi phase diagram, several consensus had been 

established: (1) The phase boundary of NiTi phase on the Ti rich side is almost vertical (2) That 

boundary on Ni rich side goes down at lower temperature and the Ni solubility is insignificant at 

773 K (500 °C). With the employment of electron microscopy and energy dispersive X-ray 
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spectroscopy, two intermediate phases, Ni4Ti3 and Ni3Ti2, were confirmed to exist with different 

aging time and temperature, and Ni4Ti3 phase transforms into Ni3Ti2 phase and then into TiNi3 

phase, which is the equilibrium phase,  with increasing aging time and temperature. The time-

temperature-transformation (TTT) diagram of Ti-52Ni alloy had been summarized by Nishida [29] 

as shown in Figure 2.2.1. This TTT diagram shows that the upper temperature limit to precipitate 

Ni4Ti3 is 953 K (680 °C). 

Figure 2.2.1. TTT diagram of aging behavior for Ti52Ni alloy [29]. 

After extensive research work, the most reliable phase diagram of NiTi alloy system had 

been established as indicated in Figure 2.2.2. The dotted line at 1363K (1090 °C) represents the 

order-disorder transition from B2 to BCC structure [30], which was demonstrated that it did not 

exist by Ren et al. with transmission electron microscopy (TEM) and scanning electron 

microscopy/electron probe X-ray microanalysis (SEM-EPMA) [31,32]. The inserted diagram in 



9 

 

Figure 2.2.2 shows metastable phases between NiTi phase and TiNi3 phase, which is critical to 

adjust phase transformation temperatures and shape memory effect through heat treatment. 

 

Figure 2.2.2. Phase diagram of a NiTi alloy by Massalski [33] and the insert diagram is the phase 

equilibrium between the B2 and Ti3Ni4 phases [10, 34]. 

 

2.3 Crystal Structure of Primary Phases and Precipitates 

There are several phases and precipitates that present in the NiTi shape memory alloy 

system under various conditions and processing. The crystallographic information and crystal 

structure of these phases are significant to identify phase and unveil the mechanism of phase 

transformations.  
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2.3.1  NiTi B2 Austenite Phase 

Austenite phase, a high temperature (as compared with martensite) stable phase, has a B2 

(CsCl type) cubic structure with ao=0.2972 nm [35], as shown in Figure 2.3.1. This is the phase 

which plays an important role in the martensite phase transformation, transforming into martensite 

with decreasing temperature. 

Figure 2.3.1. The crystal structures of NiTi B2 austenite phase with ao=0.2972 nm. 

2.3.2 NiTi B19’ Martensite Phase 

Due to the lack of a martensite single crystal, the structure of NiTi martensite phase has 

been controversial for a long time. It was first proposed as hexagonal by Purdy and Parr in 1961 

[28]. In 1971, Otsuka et al. [36]. and Hehemann and Sandrock [37] reported the same monoclinic 

lattice with almost the same lattice parameters except the difference in direction and monoclinic 

angle. However, neither of these two structures could explain the extinction rule in their results. 

Later, by considering the systematic forbidden reflections and atomic position, Michal and Sinclair 

[38] proposed a P21/m space group with the following lattice parameters: a = 0.2885 nm, b = 

0.4120 nm, c = 0.4622 nm and β = 96.8 °.  In 1985, with the stress-induced transformation 

Ni

Ti 



11 

 

technique, martensite single crystal became available [10]. Kudoh et al. analyzed the martensite 

structure by using X-ray 4 circles diffractometer and precession camera for a Ti49.2Ni martensite 

single crystal. The space group of the martensite crystal they reported is P21/m. The lattice 

constants, which were determined by these researchers have been summarized in the following 

table 2.3-1. The crystal structure of NiTi martensite is illustrated in Figure 2.3.2. Instead of 

stacking with two-dimensional close-packed planes, it has a three-dimensionally close-packed 

structure [39]. Typical microstructure of NiTi martensite phase is shown in Figure 2.3.3. It is 

interesting to note that a large amount of martensite plates and sub-plates (or twins) were observed  

Table 2.3-1.comparison of crystallographic data for NiTi martensite [39]. 

 OSS HS MS KTSO 

a (nm) 0.2889 0.2883 0.2885 (4) 0.2898 (1) 

b (nm) 0.4120 0.4117 0.4120 (5) 0.4108 (2) 

c (nm) 0.4622 0.4623 0.4622 (5) 0.4646 (3) 

β (°) 96.8 96.8 96.8 (1.0) 97.78 (4) 

V (nm3) 0.05463 0.05449 0.05455 0.05479 (4) 

Atom per unit 

cell 
4 4 4 4 

Space group P2/c P21/m P21/m P21/m 

Experimental 

techniques 

Electron 

Microscopy, 

Electron 

Diffraction, and 

X-ray diffraction 

Single and 

polycrystal X-

ray diffraction, 

light and 

electron 

microscopy 

Single-crystal 

electron and 

powder X-ray 

diffraction 

Single crystal X-

ray diffraction 

references Otsuka et al.[36] 
Hehemann and 

sandrock [37] 

Michal and 

Sinclair [38] 
Kudoh et al. [39] 
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Figure 2.3.2. The crystal structure of NiTi B19’ martensite phase with a = 0.2885 nm, b = 0.4120 

nm, c = 0.4622 nm and β = 96.8 °. 

 

 

 

 

Figure 2.3.3. Typical micrograph of NiTi martensite phase showing martensite plates and sub-

plates [40]. 

 

Ti  

Ni 
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2.3.3 NiTi R-phase 

Figure 2.3.4. Lattice distortion from B2 to R-phase [51]. 

R-phase is an intermediate phase in martensite phase transformation between martensite 

and austenite. The obvious characteristics of R-phase transformation are sharp increase of 

electrical resistivity and very small hysteresis width (1~2 K). Before the R-phase had been 

considered as a separate crystal structure, it was reported as the precursor before B19’ martensite 

structure forms [41].  The first R-phase plates were observed by Hwang et al. under electron 

microscopy [42]. Later, Wu and Wayman [43] proposed that R-phase was generated by a distortion 

of the B2 structure along <111>B2 directions as shown in Figure 2.3.4. With utilizing electron 

diffraction and powder X-ray diffraction, Hara et al. [44] determined that R-phase structure is P3 

in, however, after conducting dynamic nanoprobe electron diffraction and least-squares 

minimization analysis, Schryvers and Potapov [45] came up with a P3̅  crystal structure. The 

difference between P3 and P3̅ crystal structure is that P3 does not have a center of symmetry. More 

comprehensive researches were carried out by Sitepu et al. [46,47] who indexed their neutron and 

diffraction data of Ti50.75Ni47.75Fe1.50 alloy with three space groups, P31, P3 and P3̅ and the 
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results proved that P3̅ is the more possible space group for R-phase. Based on ab-initio calculation 

of the electronic and crystal structure of R-phase with the density functional theory, Gong et al. 

[48] concluded that the space group of R-phase is P31m because it has lower energy state than that 

of P3̅ space group. Around the same time, Khalil-Allafi et al. [49] and Goryczka and Morawiec 

[50] determined the crystal structure of R-phase by neutron diffraction technique, and their results 

were in support of Sitepu et al. 

2.3.4 Ti2Ni Phase 

 

Figure 2.3.5. Typical micrograph of Ti2Ni phase in NiTi alloy [56]. 

 

Ti2Ni phase has a cubic structure with a = 1.1278 nm and each unit cell contains 96 atoms 

[52]. This phase forms around NiTi grain boundaries through a peritectic reaction [53,54], as 

shown in Figure 2.3.5. Ti2Ni phase can be stabilized by binding with oxygen, forming Ti2NiOx 

phase [55]. Due to the coarse and brittle structure, Ti2Ni/ Ti2NiOx phase is harmful to mechanical 

behaviors and the shape memory effect of NiTi alloys. 
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2.3.5 Ni4Ti3 Precipitates 

 

Figure 2.3.6. Atom arrangement of titanium and nickel in in one hexagonal unit cell [66]. 

Ni4Ti3 precipitate is a very critical phase since it has influence on mechanical properties 

and shape memory characteristics in NiTi alloys, especially Ni-rich NiTi alloys [55,57–65]. Ni4Ti3 

has a rhombohedral structure with 6 titanium atoms and 8 nickel atoms in each unit cell. Its space 

group is R3 with a = 0.6704 nm and α = 113.8 °[66–68], which was finally determined by Tadaki 

et al. [67] and Saburi et al. [66]. When 18 titanium atoms and 24 nickel atoms area arranged in one 
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hexagonal unit cell, there are 6 layers A, B, C, D, E and F, as illustrated in Figure 2.3.6. From B2 

cubic structure to this hexagonal crystal structure, Ti atoms in the B2 structure were substituted by  

 

Figure 2.3.7. 4 pairs of Ni4Ti3 variants. 

 

 

Figure 2.3.8. Typcial micrograph of Ni4Ti3 precipitate. 
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Ni atoms, as shown in the A, C and E layers. The orientation relationship between Ni4Ti3 

precipitate (referred to the hexagonal axes) and the B2 cubic structure (matrix) is (001)h ‖ (111)B2 

and [010]h ‖ [2̅1̅3]B2. Therefore, Ni4Ti3 has 8 variants that can be sorted as 4 pairs. Each pair is 

associated with one of the {111}B2 planes, as shown in Figure 2.3.7. The typical shape of Ni4Ti3 

precipitate is lenticular as indicated in Figure 2.3.8. The crystallographic information and crystal 

structure of these phases are summarized in the following Table 2.3.2 

 

Table 2.3-2. Summary of different phases observed in NiTi alloy system. 

Phase 
Space 

Group 

Crystal 

structure 
Lattice parameters Reference 

NiTi Austenite (B2) Pm3m Cubic 0.2972 nm [35] 

NiTi Martensite 

(B19’) 
P21/m Monoclinic 

a = 0.2885 nm, b = 

0.4120 nm, c = 0.4622 

nm and β = 96.8 ° 

[38] 

NiTi R-phase P3 or P3̅ Rhombohedral 
a = 0.73541 nm, c = 

0.52434 nm 
[50] 

Ti2Ni Fd3m Cubic a = 1.1278 nm [52] 

Ni4Ti3 R3 Rhombohedral 
a = 0.6704 nm, α = 

113.8 ° 
[66–68] 

TiNi3 P63/mmc Hexagonal 

a = 0.51010 nm, c = 

0.83067 nm and c/a = 

1.6284 

[69] 
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2.4 Phase Transformations in NiTi Alloys 

Depending on the stress and thermal history, NiTi alloy can be austenite, twinned 

martensite or detwinned martensite phases. There are transformation paths among these three 

phases except that no path exists from detwinned martensite to twinned martensite, as indicated in 

Figure 2.4.1. These transformation are summarized as below [70]: 

 

Figure 2.4.1. Three phases and the six transformations among these three phases [70]. 

 

(1) Austenite transforms into detwinned martenite upon loading with or without cooling; 

(2) Detwinned martensite transforms into austenite with unloading or heating; 

(3) Detwinned martensite transforms into another detwinned martensite with loading; 

(4) Twinned martensite transforms into detwinned martensite with loading; 
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(5) Austenite transforms into twinned martensite with cooling; 

(6) Twinned martensite transforms into austenite with heating. 

Among these transformations, (5) and (6) are thermally induced transformations. It is 

interesting to note that under the same stress level, the same kind of martensite variant can be 

obtained though (1) and (4), which corresponds to the process of austenite deformation and 

martensite deformation respectively. 

Table 2.4-1. B2-martensite lattice correspondence [71]. 

variant [100]m [010]m [001]m 

1 [100]p [011]p [01̅1]p 

1’ [1̅00]p [01̅1̅]p [01̅1]p 

2 [100]p [01̅1]p [01̅1̅]p 

2’ [1̅00]p [011̅]p [01̅1̅]p 

3 [010]p [101]p [101̅]p 

3’ [01̅0]p [1̅01̅]p [101̅]p 

4 [010]p [101̅]p [1̅01̅]p 

4’ [01̅0]p [1̅01]p [1̅01̅]p 

5 [001]p [110]p [1̅10]p 

5’ [001̅]p [1̅1̅0]p [1̅10]p 

6 [001]p [1̅10]p [1̅1̅0]p 

6’ [001̅]p [11̅0]p [1̅1̅0]p 
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Since the martensitic phase transformation is diffusionless solid-to-solid phase 

transformation, a vector in the parent phase transforms into the specific vector in martensite phase, 

which is called lattice correspondence.  As discussed above, the group point of martensite (P21/m) 

has a lower symmetry than that of austenite (B2). The point group of martensite is a subgroup of 

the austenite point group, therefore, the number of martensite variants transforming from austenite 

can be determined by the number of rotations in these two lattice. So, there are 12 martensite 

variants associated with one austenite, which are listed in table 2.4.1. It is interesting to note that 

all of these 12 variants have the same monoclinic structure except the orientations with respect to 

the austenite lattice are different. 

Figure 2.4.2. Distortion of crystal structure during phase transformation from to B19’. (a) 4 austenite 

unit cells, and the redefined austenite cell is indicated by dash lines. (b) Redefined austenite cell in 

tetragonal structure. (c) Stretching along one edge, shrinking along a second and distorting one angle 

to form B19’ martensite unit cell [72].  

When austenite B2 phase transforms into martensite upon cooling, there is no shape change 

macroscopically, however, microscopically, the crystal structure has changed from B2 cubic to 

monoclinic structure. As illustrated in Figure 2.4.2, B19’ monoclinic structure creates by stretching 

along [110]B2 directions, shrinking in [100]B2 directions and distorting the angle between [110] B2 

and [100] B2. [72] As discussed above, there are 12 martensite variants, which were arranged with 
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twin relationship to accommodate the large strains, therefore, no shape change can be observed. 

Based on the physical origin, twins can be classified into three types: (1) lattice-invariant twin, 

which forms without changing in the martensite crystal structure; (2) variant accommodation twin, 

which forms when one set of variants creates elastic strain and that strain can be accommodated 

Figure 2.4.3. Various twins observed in B19’ martensite [40,73–76]. 
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by the other set of variants; and (3) deformation twin, which forms when the alloy is deformed at 

a certain stress level, usually that stress level is over the stress for twinning under deformation, 

[77]. Various twins observed in B19’ martensite are shown in Figure 2.4.3. 

 In simple NiTi alloy system, phase transformation occurs between austenite phase and 

martensite phase. Multistage martensite phase transformations can be induced by 

thermomechanical treatment, composition variation, third element addition and deformation, as 

indicated in Figure 2.4.4.  It is interesting to note that the presence of Ni4Ti3 precipitates, which 

forms during aging of Ni-rich NiTi alloys, can significantly affect the martensite phase 

transformation by triggering R-phase. Several assumptions, for instance, driving force of phase 

formation [78], heterogeneous microstructure [79,80] and composition inhomogeneity [81], were 

proposed to elucidate the change from one step B2-B19’ to two step B2-R-B19’ phase 

transformation. 

Figure 2.4.3. Martensitic transformations in NiTi alloys [10]. 
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2.5 Martensite Phase Transformation Temperatures 

 Four primary phase transformation characteristic temperatures are Ms, Mf, As, and Af, 

which are denoted martensite start and finish transformation temperatures and austenite start and 

finish temperatures respectively. To determine these characteristic temperatures is one of the most 

important procedures in the characterization of NiTi alloys. Martensite phase transformation is 

accompanied with the change of heat and electrical resistivity, which are two major physical 

parameters used to determine phase transformation temperatures, as illustrated in Figure 2.5.1. The 

electrical resistance and heat flow change upon heating and cooling during the phase 

transformation. As compared with the measurement of electrical resistance, the measurement of 

heat flow by Differential scanning calorimetry (DSC) is more widely used to determine phase 

transformation temperatures in metals. In the DSC instrument as shown in Figure 2.5.2, in the 

vacuum chamber, two sealed pans, one is the reference and the other contains studied sample, are  

 

Figure 2.5.1. (a) Electrical resistance versus temperature and (b) heat flow versus temperature. 
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exposed to constant heating or cooling rate, which is obtained by the utilization of heaters and 

external liquid nitrogen tank. The heat flow history on both sides will be recorded simultaneously. 

The endothermic peak in the heating curve indicates energy absorption during phase 

transformation. Accordingly, the exothermic peak in the cooling curve corresponds to the energy 

release in the phase transformation. The characteristic temperatures are determined by the 

intersection point of two tangents lines as indicated in Figure 2.5.1(b)  

2.6 Mechanical Behaviors of NiTi Alloys 

NiTi alloys have unique properties including shape memory and superelasticity, high 

damping capacity and good fatigue, and these properties are essentially determined by the 

mechanical behaviors of NiTi alloys. To investigate the mechanical behaviors and the related 

factors and to understand the deformation mechanism will greatly contribute to the optimization 

of NiTi alloys application as well as performance prediction. The typical stress strain curves of 

martensitic NiTi alloy and austenitic NiTi alloy are illustrated in Figure 2.6.1. For martensitic NiTi 

 

Figure 2.5.2. Schematic of differential scanning calorimeter (DSC). 
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alloy as shown in Figure 2.6.1(a), at the beginning of the deformation, the stress increases almost 

linearly with increasing strain, which is the elastic deformation of twined martensite. And then 

stress remains almost the same as strain increasing, and this stress plateau continues until about 4%  

strain (compression) or 6% strain (tension) due to the formation of detwinned martensite (or 

martensite reorientation). Unloading the sample at the end of stress plateau, the deformed sample 

undergoes detwinned martensite transforming into austenite upon heating it up above Af and then 

austenite transforming into twined martensite with cooling. This is the so-called shape memory 

effect (SME). For austenitic NiTi alloy, the starting point is austenite state. Elastic deformation of 

austenite continues until the critical stress point has been reached, above which transformation 

from austenite to martensite has been triggered. The stress plateau indicates the martensite phase 

transformation and a lower stress plateau appears when martensite turns into austenite with 

continuously unloading. With further unloading, both stress and strain decrease to zero. As this 

 

Figure 2.6.1. Schematic diagram showing typical mechanical behaviors of (a) martensitic NiTi 

alloy and (b) austenitic NiTi alloy. 
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reversible strain of NiTi alloys is significantly larger than that of normal metals, it’s called 

superelasticity (pseudoelasticity). 

Liu et al. [82] deformed NiTi SMA bars under tension to several strains at a temperature 

above Ms to obtain a series of stress strain curves. As shown in this figure 2.6.2, permanent strain 

was caused even before the stress plateau has been reached, which indicates that irreversible 

deformation starts at the very early stage of deformation. Three regions were defined by the onset 

and end point of the stress plateau as indicated in Figure 2.6.2. When unloading took place within 

region I, the following re-loading will not be affected. In region II (stress plateau region), the 

remaining strain after unloading can recover by heating and this reversible strain increases with 

increasing deformation strain [76]. This provides an evidence that the martensite reorientation and 

detwinning has not completed even when the maximum plateau strain is reached [82]. Further 

detwinning and dislocation accumulation occurs in region III. 

 

Figure 2.6.2. Stress strain curves of NiTi alloy deformed at a temperature below Mf [82]. 
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The mechanical behaviors of NiTi alloys starting with austenite state were systematically 

studied by Miyazaki et al. [83]. Conventionally, three regions were identified in their stress strain 

results as shown in Figure 2.6.3. In region I (curves ①~③), the deformation caused by the 

formation of stress induced martensite is reversible upon unloading. In region II (curves ④~⑦), 

the formation of stress induced martensite and normal plastic deformation coexisted. Part of the 

strain was not recovered after unloading and even after heating, which results from the 

accumulation of dislocations. In stage III (curves ⑧~⑨), the residual strains increases with 

increasing deformation strain because of the further development of the dislocations. 

 

Figure 2.6.3. Stress strain curves of NiTi alloy deformed at a temperature above Af. Dotted lines 

indicate the recoverable strain upon heating. The symbol (×) represents the fracture point [83]. 

 

2.6.1 Effect of Temperature 

The stress strain curves of NiTi alloys can be significantly affected by the deformation 

temperature as well as characteristic phase transformation temperatures (Ms, Mf, As, Af). Generally, 
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the mechanical behaviors of three temperature (ranges are extensively investigated, as shown in 

Figure 2.6.3. and the corresponding stress strain curves have been illustrated in Figure 2.6.4.  

(1) T3 < Mf 

 NiTi alloy is in martensite state and consists of twinned martensite variants when the temperature 

is below the martensite finish temperature (Mf). The typical stress strain response of NiTi alloys at 

this temperature is indicated in Figure 2.6.5. green line, which exhibits (a) elastic deformation of 

the twined martensite; (b) flat stress plateau, which corresponds to martensite reorientation and 

detwinning; (c) elastic deformation of reoriented martensite and further detwinning [84]. After 

intensive research on NiTi alloys at the temperature below Mf, Liu et al. [85] proposed two 

dewinning mechanisms, domino and assisted detwinning, to elucidate the deformation behavior. 

They reported that the domino detwining does not require an increase external load once it is 

triggered by a detwinned volume while the assisted detwinning requires a continuous increase load. 

It is the domino detwinning occurs during the stress plateau and then followed by the assisted 

 

Figure 2.6.4. Schematic diagram of various temperature ranges in DSC curve. 
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detwinning beyond the stress plateau. Instead of martensite reorientation and detwinning, NiTi 

alloy martensite phase will deform elastically and then plastically like normal metals, due to the 

immobility of the martensite interfaces at the temperature far below Mf, 

(2) T1 > Md 

Above a certain temperature Md, slip occurs before the stress can induce martensite 

transformation, therefore, no stress plateau can be observed, and the NiTi alloy sample deforms as 

a pure austenite. Like regular metal, it yields at the early stage of loading. 

 (3)Af < T2 < Md 

This is the temperature range that has attracted the most of attentions, which is typically 

narrow, about 50~80 K (50~80 °C) for the NiTi alloys [86]. Stress induced martensite phase 

transformation occurs under deformation. It is well known that the flat stress plateau after the 

 
Figure 2.6.5. Schematic diagram of NiTi alloy stress strain curves as a function of deformation 

temperature. 
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elastic deformation of austenite (as shown in Figure 2.6.5. blue line) is due to the stress induced 

martensitic transformation. In that phase transformation, a set of or several sets of martensite 

variants form to accommodate the external strains, which is recoverable. Furthermore, this 

recoverable strain will be greater if the change in symmetry during transformation is greater [87].  

 (4) Other temperature range (Mf < T < Af) 

The phases of NiTi alloys in this temperature range is relatively complex. Depending on 

the heating or cooling history, it mixes with martensite and austenite phases, therefore, the 

deformation of the twined martensite and the formation of the stress induced martensite coexist.  

 

Figure 2.6.6. Stress strain curves of Ti50.6Ni alloy as a function of temperature [83]. 
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Miyazaki et al. [83] studied the mechanical properties of Ti50.6Ni alloy as a function of 

temperature. According to the characteristics of the stress strain curves they obtained, they divided 

these curves into four temperature regimes, which is very similar to the discussed section above. 

They also reported the dependence of critical stress on temperature as indicated in Figure 2.6.6. 

The critical stress is minimum when the deformation temperature is near Ms (martensite starting 

temperature) When T < Ms, the critical stress for yielding, the critical stress increases gradually 

with decreasing temperature. When T > Ms, that critical stress to trigger phase transformation 

increases with increasing temperature. 

The mechanical behaviors of NiTi alloys at higher temperatures were studied by Benafan 

et al. [88]. As shown in Figure 2.6.7, the yield stress of the stress strain curves at 438 K (165 °C), 

503 K (230 °C) and 563 K (290 °C) are almost the same, while above 563 K (290 °C), the stress 

 

Figure 2.6.6. Stress strain curves of Ti49.9Ni alloys as a function of temperatures. Note: Mf = 328 K 

(55 °C) and Af = 378 K (105 °C), and the strain rate is 10-4 s-1 [88]. 
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strain curves of this NiTi alloy behaves like normal metals and the yield stress decreases with 

increasing temperature. (Md was determined to be between 583 and 593 K (310 and 320 °C)) 

2.6.2  Effect of Heat Treatment 

Heat treatment, such as solution treatment, aging, play an essential role in the mechanical  

behaviors and SME or SE. Systematic investigations on the effect of heat treatment on the 

improvement of mechanical behaviors and SME or SE were conducted by Miyazaki et al. 

[83,89,90]. Figure 2.6.8. Shows a series of stress strain curves of NiTi alloys deformed (a) at 

 

Figure 2.6.7. Stress strain curves as a function of deformation temperature for Ti49.8Ni alloy (a) 

solution treatment at 1273 K for 1 h followed by annealing at 673 K for 1 h. (b) annealed at 673 K 

for 1 h immediately after cold-working [89]. 
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martensite phase and (b) at austenite phase. The critical stresses for inducing martensite and for 

reverse transformation were pointed out in Figure 2.6.8 (b). The dependence of the critical stresses 

on heat treatment was summarized in Figure 2.6.9. When the sample was annealed at 673 K for 1 

hour with ice water quenching, the critical stresses are relatively higher as compared with other 

heat treatments. 

 

 

Figure 2.6.8. Effect of annealing temperature on the critical stresses for inducing martensite (σM) 

and for reverse transformation (σR) in Ti49.8Ni alloy specimens, which were annealed at each 

temperature without prior solution treatment after cold work [89]. 

 

2.6.3 Effect of Strain Rate 

The stress strain response of NiTi alloy is sensitive to the strain rate of deformation. Lin et 

al. [91] studied the influence of strain rate on deformation properties of NiTi ally with material 

testing machine. They found that the stress plateau was independent on the strain rate at relatively 
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low strain rate and increased gradually with increasing strain rate as shown in Figure 2.6.10. The 

dissipated strain energy (the area enclosed by the loading and unloading curves) increases with 

increasing strain rate, which consequently, improves the shock absorbance.  

 

Figure 2.6.9. Stress strain curves as a function of strain rate for martensitic NiTi alloys [91]. 

 

 

Figure 2.6.10. Stress strain curves as a function of strain rate for austenitic NiTi alloys [92]. 
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Other than martensitic NiTi alloys, Tobushi et al. [93] and Dayananda et al. [94] carried 

out experiment to examine the effect of strain rate on superelasticity of NiTi alloys. Their results, 

as indicated in Figure 2.6.11, exhibited that the stress plateau is flat and horizontal at relatively 

low strain rate. However, the slope of this stress plateau increases and fluctuation became more 

apparent with increasing strain rate, which is due to the lack of time for the relaxation of stress in 

the parent-martensite interface  

2.6.4 Mechanical Behaviors under High Strain Rate Loading Conditions 

 

Figure 2.6.11. Compressive stress strain curves of NiTi alloys (a) quasi-static and (b) dynamic [95]. 

 

It is interesting to note that most of investigations of mechancal behaviors on NiTi alloys 

have been loaded in tension, and seldom of similar researches have been conducted under 

compression, even less information of its mechanical response under high strain rate compression. 

In order to better understand the mechanical behavior of NiT alloys under high strain rate loading 

conditions, early research efforts was made by Ogawa [96], who performed high strain rate tests 

on a conventional split Hopkinson pressure bar and concluded that the stress level was always 
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higher under high strain rate loading condtion than that under static loading condition. Later, Chen 

et al. [95] and Nemat-Nasser et al. [97] investigated the austenitic NiTi alloys at the strain rate 

ranging from 0.001 to 750 s-1. Pulse-shaping technique was employed in their experiment to 

approach dynmic stress equilibrium and constant strain rate as well as remove high frequency 

oscillation.  

 

Figure 2.6.12. A schematic of the modified split Hopkinson pressure bar [98]. 

 

They compared the compressive stress strain curves of NiTi alloys under quasi-static and 

dyamic loading, as shown in Figure 2.6.12. Instead of close hysteresis loops under quasi-static 

loading, open loops were observed under dynamic loading even when the deformation strain is as 

low as 2%. Further more, the strain history under dynamic loading lagged behind the 

corresponding stress history and that lagging effect became more severe at higher strain rate. Later 

on, Chen’s group studied the mechanical responses of the same materials (Ti50.8Ni alloys) at the 

temperatures slightly above and below the austenite finish temperature [98]. Close stress strain 

loops were obtained by utilizing double pulse shapers as shown in Figure 2.6.13. By applying front 

and rear pulse shapers, stress equilibrium and constant strain rate were reached with both loading 
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and undloading. As the deformation temperature increasing, the slope of the stress plateau 

increases gradually, as indicated in Figure 2.6.14 The temperature variations by adiabatic heating 

and cooling during dynamic loading and unloading were responsible for that slope increasing. 

However, less explanations on microstructure or crystal structure have been proposed in their 

researches. 

 

 

Figure 2.6.13. Dynamic compressive stress strain curves of the NiTi shape memory alloys at 

different deformation temperature [95]. 

 

Nemat-Nasser et al.[99,100] conducted very high strain rate tests (𝜀̇  > 10,000 s-1) on a mini-

Hopkinson bar with stepped striker bars as well as microstructure observations after deformation 

on transmission electron microscopy (TEM), however, it is difficult to maintain constant strain 

rate at the strain rate as high as 12,000 s-1. Related strain rate history of NiTi alloy is shown in 

Figure 2.6.15. Miller et al. [101] and Jiang et al. [102] observed the fracture surface of NiTi alloys 

after high strain rate deformation and found the nucleation and growth of microvoids and cracks 
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in the dynamic fracture  Recently, Anatoly et al. [103] studied the functional properties (shape 

memory effect) of NiTi shape memory alloys after highs strain rate loading at different  

temperatures in martensite and austenite phases and found that the two-way shape memory effect 

after deformed at a strain rate of 1000 s-1 became less than that after the quasi-static loading. Digital 

image correlation (DIC) was used during dynamic loading by Saletti et al. [104] and Huang et al. 

[105] to examine the effect of loading velocity on the strain field and the growth velocity of the 

martensite transformation. Patman et al. [107] compared the compressive responses of NiTi alloys 

under quasi-static and dynamic loading at various temperatures and concluded that the superelastic 

strain range increases with increasing strain rate and temperature with both martensite and 

austenite phases coexisting in one sample. Systematic researches on the influences of strain rate, 

temperature, aging and texture on the mechanical behaviors of NiTi alloys were conducted by 

 

Figure 2.6.14. Stress and strain rate as function of strain obtained using mini-Hopkinson bar with 

a stepped striker bar and a uniform striker bar [99]. 
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Adharapurapu et al. [106,108–110]. As indicated in Figure 2.6.16(a), when the temperature is 

above room temperature, the stress level at the same strain decreases with elevated temperature at 

a strain rate of 1200 s-1, and similar results have been observed at quasi-static loading conditions 

with increasing temperature [88]. However, when the strain is lower than 3%, the corresponding 

stress level at room temperature is relatively lower. When the deformation temperature is below 

room temperature, the stress strain curves are shown in Figure 2.6.16(b). It is important to note 

that the samples were in martensitic state at temperature of 223 K (-50 °C), 173 K (-100 °C), and 

77 K (-196 °C), the stress level increases in the sequence of 223 K (-50 °C), 173 K (-100 °C), and 

77 K (-196 °C) without apparent stress plateaus of martensite reorientation and detwinning. 

Although most of dynamic behavior of NiTi alloys have been focused on austenite phase 

[96–111], martensitic NiTi alloys also show thermoelastic properties and even better damping 

capacity [112–116] in terms of the movement of twin interfaces. Liu et al. [116] deformed 

martensitic NiTi alloys at the  strain rate of 3 × 103 s-1, 1.5 × 10-2 s-1 and 3 × 10 -4 s-1 and compared 

 

Figure 2.6.15. Stress strain curves of Ti50.8Ni shape memory alloys under dynamic compression at 

a strain rate of ~1200 s-1 (a) at high temperature (b) at low temperature. Note: Mf = 237 K (-36 °C) 

and Af = 275 K (2 °C) [106]. 
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the compressive responses of martensitic NiTi alloys under these two strain rate. The stress strain 

curves and corresponding DSC results are presented in Figure 2.6.17. The stress level is higher for 

the plastic deformation (above 6% strain) under high strain rate. Furthermore, based on the DSC  

results (Figure 2.6.17(b)) they concluded that the deformation mechanism were the same under 

low and high rate deformations. The specific damping of martensitic NiTi alloys was estimated by 

δ = ∆W/W, where ∆W is the area enclosed by the loading and unloading stress strain curves, which 

is also the dissipated energy by samples during the deformation. W is the total work. This δ during 

all the tests is about 90%, which confirm that martensitic NiTi alloys can be used as damping 

materials in civil and seismic engineering. However, the lack of reliable and systematic mechanical 

data of NiTi SMA under high strain rate loading condition retards the application as damping and 

seismic elements. Therefore, it is imperative to conduct a systematic study of mechanical behavior 

as a function of strain, strain rate and temperature and the related deformation mechanism under 

 

Figure 2.6.16. (a) Comparison of stress-strain curves of the martensitic NiTi SMA under 

compression at three different strain rates, (b) DSC results between low and high rate deformed 

specimens for the first two thermal cycles. [116]. 
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high strain rate loading as well as the influence of dynamic loading on the phase transformation, 

microstructure and crystal structure. 
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 CHAPTER 3.

INFLUENCE OF HIGH STRAIN RATE AND QUASI-STATIC COMPRESSION ON 

PHASE TRANSFORMATION OF MARTENSITIC NITI SHAPE MEMORY ALLOYS 

3.1 Abstract 

Shape memory alloys (SMAs) exhibit high damping capacity in both austenitic and 

martensitic phases, due to either a stress-induced martensite phase transformation or a stress-

induced martensite variant reorientation, making them ideal candidates for vibration suppression 

devices to protect structural components from damage due to external forces. In this study, both 

quasi-static and dynamic compression was conducted on a martensitic NiTi SMA using a 

mechanical loading frame and on a Kolsky compression bar, respectively, to examine the 

relationship between microstructure and phase transformation characteristics of martensitic NiTi 

SMAs. Both endothermic and exothermic peaks disappear completely after experiencing 

deformation at a strain rate of 103 s-1 and to a strain of about 10%. The phase transformation peaks 

reappear after the deformed specimens were annealed at 873 K (600 °C) for 30 minutes. As 

compared to samples from quasi-static loading, where a large amount of twinning is observed with 

a small amount of grain distortion and fracture, samples from dynamic loading show much less 

twinning with a larger amount of grain distortion and fracture. 

Note: This chapter is presented in entirely from Qiu, Ying, Marcus L. Young, and Xu Nie. 

"Influence of dynamic compression on phase transformation of martensitic NiTi shape memory 

alloys."Metallurgical and Materials Transactions A 46.10 (2015): 4661-4668. DOI: 

10.1007/s11661-015-3063-5 with permission from Springer. 
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3.2 Introduction 

NiTi shape memory alloys have been extensively applied in civil [1-3], medical [4-8] and 

aerospace [9-11] devices for their unique shape memory effect, pseudoelasticity, bio-compatibility 

and corrosion resistance [12-18]. The characteristic transformation temperatures for the austenite-

to-martensite phase transformation as well as the mechanical response can be modified to meet 

application requirements through i) thermo-mechanical processing [19-21], ii) slight variation 

from the equi-atomic NiTi chemical composition [22, 23], or iii) addition of alloying elements [24-

28]. Precipitates, such as Ni4Ti3 in austenitic (Ni-rich) NiTi alloys and Ti2Ni in martensitic (Ti-

rich) NiTi alloys, play a significant role in the concentration of Ni in small localized regions, which 

change the phase transformation temperatures and mechanical properties. Although most dynamic 

investigations have been focused on austenitic NiTi alloys [29-39], martensitic NiTi alloys also 

exhibit thermoelastic behavior and even better damping capacity [40, 41], due to the movement of 

twin interfaces. NiTi SMAs, which are fully martensitic at room temperature [42], often have 

coarse brittle Ti2Ni precipitates. These precipitates can severely reduce the mechanical properties, 

lead to significant internal stresses at precipitate-matrix interfaces, and aid in crack propagation 

during loading. 

Mechanical properties of martensitic NiTi SMAs under quasi-static loading have been 

extensively studied [12, 13]. The martensite reorientation deformation proceeds in four stages: I) 

elastic and homogeneous deformation of martensite, II) propagation of localized reorientation 

bands (e.g. twinning/detwinning), III) elastic deformation of reoriented martensite, and IV) plastic 

deformation (e.g. slip). However, these distinct stages become difficult to observe especially 

during dynamic loading since two or more stages may be present locally at any given point in 

loading. After quasi-static compression loading, deformation bands and dislocations are generated 
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in the martensite variant regions. Dislocation density increases dramatically and the corresponding 

twinning system changes from <011> type II twinning before deformation to (111̅) type I twinning 

after deformation. There is no twin relation between neighboring martensite variants after 

compression because of the generation and movement of lattice defects [43-46]. The mechanical 

behaviors are nearly the same before the plastic deformation of reoriented martensite under quasi-

static compression and dynamic compression, and the plastic stress level under dynamic loading 

is 500 MPa higher than that under quasi-static compression [47]. NiTi shape memory alloys also 

exhibit a dynamic sensitivity [38, 39, 48]. For martensitic NiTi shape memory alloys, the 

deformation mechanism and microstructure is not sensitive to the strain rate within the range from 

0.002 to 300 s-1[49]. The stabilization of the martensite under dynamic compression (strain rate: 

1000 s-1) is similar as that under quasi-static compression [47]. However, the changes on 

microstructure and phase transformation features after dynamic compression, especially when the 

strain rate is higher than 1000 s-1, have not been fully investigated. In this paper, we examine the 

mechanical behavior of martensitic NiTi SMAs under  dynamic compression when the strain rate 

is higher than 1000 s-1, and its recovery after annealing at various times and temperatures. 

Furthermore, we investigate the corresponding microstructural changes, phase transformation 

behavior and structure variation after quasi-static loading and dynamic loading. 

 

3.3 Experimental Methods 

6.35 mm diameter specimens (ATI Specialty Alloys and Components, Albany, Oregon) of 

binary NiTi SMA with 49.5 at.% Ni were examined in this study. All samples were cut using an 
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oil-cooled diamond wire saw (MTI Corporation, STX-202). After cutting, all samples were etched 

in a dilute nitride acid solution to remove the oxidized surface layer.   

An FEI Nova 200 NanoLab and FEI Nova NanoSEM 230 scanning electron microscopy (SEM) 

with energy dispersive spectroscopy (EDS) were used to collect images and do elemental analysis. 

A Netzsch DSC 204 F1 Phoenix differential scanning calorimeter (DSC) was used to measure the 

phase transformation temperatures. DSC samples with a mass between 10 mg and 50 mg were 

sealed in cold-weldable, lidded aluminum crucibles. The heating and cooling rate for the DSC 

experiments was 10 K/minute. The samples were heated from room temperature (about 298 K 

(25 °C)) to 373 K (100 °C), held for 3 minutes to reach thermal equilibrium, cooled down to 173 

K (-100 °C), held for another 3 minutes, and heated up again to 373 K (100 °C). Only the first 

cooling and second heating curves were used in this paper. X-ray diffraction (XRD) measurements 

were performed on Rigaku Ultima III X-ray diffractometer (XRD) operated at 40 kV and 44 mA 

with a CuKα radiation source. Diffraction patterns were recorded from 20° to 90° at a scanning 

rate of 1°/min. Dynamic compression experiments were conducted on a Kolsky compression bar 

at room temperature, as illustrated in the schematic in Figure 3.3.1. All compression samples had 

an aspect ratio 1:1, which was chosen to eliminate the influence of bending when the ratio is too 

large or the influence of barreling and friction at the contact surfaces when the ratio is too small 

under dynamic loading conditions. When setting the compression sample between the incident and 

transmission bars, grease (Dow corning high vacuum grease) is applied to both ends of the sample 

to reduce the end friction effect during compression testing. A pulse shaper, essentially a small 

piece of copper, is placed on the impact end of the incident bar to ensure that constant strain rates 

and stress equilibrium are achieved under dynamic loading. As illustrated in the schematic in 

Figure 3.3.1, a single-loading momentum trap and screwed flange were also implemented in our 
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Kolsky bar setup to facilitate precise deformation control as well as to ensure the sample is not 

repeatedly loaded by the multiple wave reflections [32, 33].  

For comparison with dynamic compression experiments, quasi-static compression tests 

were performed using a screw-driven material testing machine (Shimadzu, AG-IC 300 KN) at a 

strain rate of 10-3 s-1. Strain control was based on the crosshead displacement. For direct 

comparison, the aspect ratio of the samples for quasi-static compression was also set to 1:1, which 

is identical to that for dynamic compression experiments. After dynamic compression loading, 

three subsequent heat treatments were performed on the deformed samples: (1) Annealing for 30 

minutes at 573 K (300 °C), (2) Annealing for 30 minutes at 873 K (600 °C), and (3) Annealing for 

30 minutes at 1123 K (850 °C). The first heat treatment was performed for the relaxation of the 

internal stresses after deformation and also to investigate the influence of low temperature 

annealing on the phase transformation temperatures. The second heat treatment was performed to 

reduce the phase transformation from a two-step to one-step phase transformation (i.e., remove the 

 

Figure 3.3.1.Schematic diagram of Kolsky compression bar. 
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R-phase transformation) by forming Ti2Ni precipitates which create a localized stress field that 

aids the phase transformation and improves damping capacity. [50, 51] The third heat treatment 

was done to fully anneal the sample. 

3.4 Experimental Results 

An SEM image from the cross-section of martensitic NiTi sample shows a martensitic NiTi 

matrix with dark particles (white arrow in Figure 3.4.1) which are evenly distributed and have a 

size ranging from 1 μm to 3 μm, as illustrated in Figure 3.4.1 (a). Based on three measurements 

from the matrix and the particles, respectively, the NiTi matrix consists of 50.80 ± 0.06 at. % Ni  

 

Figure 3.4.1. SEM images of a hot rolled martensite NiTi SMA before compression 

testing and (a) before and (b) after electropolishing. 
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and 49. 20 ± 0.06 at.%  Ti while the dark particle consists of 35.50 ±0.74 at.% Ni and 64.50 ± 0.74 

at.%  Ti, which is consistent with Ti2Ni or Ti4Ni2Ox particles, the later phase being more likely 

since it is more stable when forming an oxide [42, 52]. Most of these particles are located at or 

near grain boundaries. After electropolishing for 2 minutes using 20% (by volume) H2SO4 and 80% 

(by volume) CH3OH as an electrolyte, it can be seen that aligned martensitic twins are present in 

each grain and vary in direction depending on the specific grain orientation (as shown in Figure 

3.4.1 (b)) . 

The endothermic peak in the heating curve shows the combination of two types of phase 

transformation and the peak fitting was conducted with Gaussian function to separate the two 

peaks from the heating curve. The dot line is best fit for martensitic phase transforming into R-

phase and the dash line is best fit for R-phase transforming into austenitic phase as shown in Figure 

 

Figure 3.4.2. DSC curve for as-received hot rolled martensitic NiTi before compression. 
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3.4.2. The start and finish temperature of these two phase transformation are Rs = 62.6 ºC, As = 

74.5 ºC and Rf /Af = 82.4 ºC respectively. R-phase has a trigonal crystal structure, which can be 

obtained by elongating the cubic lattice (austenite phase) along <111>B2 direction [13]. R-phase is 

a commonly observed intermediate phase in NiTi alloys which can result from cold working or 

heat treating [53]. The R-phase transformation occurs between austenite and martensite during 

cooling or mechanical loading [54]. The exothermic peak in the DSC cooling curve of the 

martensitic NiTi SMA indicates a martensite start (Ms = 51.4 ºC) and finish (Mf = 38.8 ºC) 

temperatures. 

The heating and cooling DSC curves for the martensitic NiTi SMA in the a) as-received 

hot rolled state, b) after dynamic loading, c) after dynamic loading and annealing for 30 minutes 

at 573 K (300 °C), d) after dynamic loading and annealing for 30 minutes each at 573 K (300 °C ) 

and then 873 K (600 °C), e) after dynamic loading and annealing for 30 minutes each at 573 K 

(300 °C), then 873 K (600 °C), and finally 1123 K (850 °C), and f) after heat treatment of non-

deformed as-received specimen for 30 minutes at 1123 K (850 °C) are shown in Figure 3.4.3. No 

heat treatments were performed before dynamic compression to avoid forming brittle and coarse 

Ti2Ni or Ti4Ni2Ox particles, which are commonly observed in martensitic NiTi SMAs after heat 

treatment. Two step B19’-R-B2 transformation on heating and one step B2-B19’ on cooling with 

a hysteresis of 32 K (32 °C) was observed for the martensitic NiTi (Figure 3.4.3(a)). The two step 

phase transformation peaks upon heating overlap with each other, so it is difficult to distinguish 

them without careful comparison. X-ray diffraction results, which will be presented later in the 

text, support that these transformation peaks correspond to B19’ and B2. Although R-phase was 

not observed in X-ray diffraction patterns due to its instability at room temperature, the peak which  
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Figure 3.4.3. Heating and cooling DSC curves for martensitic NiTi SMA in the (a) as-

received hot rolled state, (b) after dynamic loading, (c) after dynamic loading and 

annealing for 30 minutes at 573 K (300 °C), (d) after dynamic loading and annealing for 

30 minutes each at 573 K (300 °C) and then 873 K (600 °C), (e) after dynamic loading and 

annealing for 30 minutes each at 573 K (300 °C), 873 K (600 °C) and then 1123 K (850 °C), 

(f) after heating treatment of non-deformed as-received specimen for 30 minutes at 1123 

K (850 °C). 
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appears before the austenite peak during cooling is typical of R-phase and is assumed to be R-

phase here [13, 53, 54]. After dynamic compression, phase transformation peaks on both heating 

and cooling curves disappeared completely (Figure 3.4.3(b)). Although not shown here, even with 

extending the temperature to 423 K (150 °C) on heating and 123 K (-150 °C) on cooling, no phase 

transformation peaks were observed. DSC of quasi-statically loaded samples also showed that the 

phase transformation peaks disappeared at stress levels above 1500 MPa or 9% strain. It’s not 

presented here as this research is beyond the scope of this paper. After the deformed sample was 

annealed at 573 K (300 °C) for 30 minutes, a small peak with very low amplitude appeared during 

heating at about 328 K (55 °C), while the cooling curve showed no evidence of peaks, i.e. no phase 

transformation (Figure 3.4.3(c)). As illustrated in Figure 3.4.3(d), when the sample was 

subsequently annealed again at 873 K (600 °C) for another 30 minutes, two sharp peaks were 

observed with a slight shift down from the initial hot rolled state peak values (350 K (77 °C) on 

heating and 319 K (46 °C) on cooling) . Finally, the sample was annealed again at 1123 K (850 °C) 

for 30 minutes and two peaks were observed during both heating and cooling (Figure 3.4.3(e)), 

which is consistent with two step B19’-R-B2 transformation. For comparison, a sample was heat 

treated at 1123 K (850 °C) for 30 minutes. Similar to the peaks observed in Figure 3.4.2, an 

overlapping two step phase transformation is observed during heating for samples as-received hot 

rolled state (Figure 3.4.3(a)), after dynamic loading and annealing for 30 minutes at 573 K (300 °C), 

then 873 K (600 °C), and finally 1123 K (850 °C) (Figure 3.4.3(e)), and after heat treatment of 

non-deformed as-received specimen at 1123 K (850 °C) for 30 minutes (Figure 3.4.3(f)). Peak 

fitting was conducted as described above. No apparent peak shifts have been observed on both 

M→R type and R→A type phase transformation after dynamic loading and the following heat 

treatment except these two peaks became sharp. However, both peaks shift 5 K (5 °C) toward high 
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temperature direction after the sample was heated at 1123 K (850 °C) for 30 minutes. Therefore, 

the phase transformations are more stabilized in dynamic compression. 

 

Figure 3.4.4. True stress-strain curves of martensitic NiTi under dynamic compression 

(triangle line) and quasi-static compression (dot line) at a strain rate of 1500 s-1 and 10-3 

s-1, respectively. 

 

Four distinct deformation stages can be identified in the stress-strain curves for both 

uniaxial quasi-static (10-3 s-1) and dynamic high-rate (1500 s-1) compression as illustrated in Figure 

3.4.4. Within Stage I, samples deform linearly elastically as strain increases up ~0.5% strain for 

both quasi-static and dynamic compression. While both samples exhibited an elastic modulus of 

about 32 GPa, which is within the range of elastic moduli values reported in the literature [15, 52, 

55], there does appear to be some slight deviation from linearity in the dynamic compression curve 

in Stage I. After about 0.8%, the onset of the stress plateau was observed (Stage II), where the 

stress in the specimen increases less prominently with increasing strain. The stress plateau of the 
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quasi-static compression experiment continues to about 2.5% strain, while the stress plateau of the 

dynamic compression ends more gradually between 3-4% strains. Like in Stage I, the change 

between Stage II to III in the dynamic compression experiment is less distinct due to the 

heterogeneous nature of deformation during dynamic loading likely resulting in both martensite 

reorientation and martensite elastic-plastic deformation, the latter being less present in the quasi-

static compression experiment [45]. The change in slope is markedly different in Stage III between 

the quasi-static and dynamic compression experiments, where the slope of the dynamic 

compression experiment is much steeper (48.9 GPa) as compared to the quasi-static compression 

experiment (26.5 GPa). The point at which the quasi-static compression sample reaches Stage IV 

appears to be at around 1170 MPa (6% strain) and continues in Stage IV to about 1550 MPa (9.5% 

strain) before unloading. It is likely that the slope for the dynamic compression experiment is a 

combination of both elastic and plastic deformation during Stage III. The dynamic compression 

sample enters Stage IV at about 1770 MPa (6.9 % strain), which is above the yield stress of 

martensite, and continues to about 2 GPa (8.5% strain) before unloading occurs.  

3.5 Discussion 

The morphological features of martensitic NiTi before and after dynamic compression are shown 

in Figure 3.5.1. Comparing the SEM images from the same location of the same specimen, the 

surface of the sample after dynamic deformation has a rougher, more corrugated texture than that 

of the surface of the sample before any deformation. As illustrated in Figure 3.5.1(b), microcracks 

can be seen in Ti2Ni particles, especially the larger sized particles, after dynamic compression. The 

microcracks extend through the particles and terminate at the boundary between the particle and 

the matrix.  In contrast to the relatively ductile soft NiTi matrix, Ti2Ni particles are inherently hard 

and brittle and, thus, more readily fracture at high stress levels. 
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Figure 3.5.1 SEM images of martensitic NiTi (a) before dynamic compression and (b) 

after dynamic compression. 

 

 

 

Figure 3.5.2. SEM images of martensitic NiTi (a) before compression, (b) after quasi-

static compression (strain rate: 10-3 s-1 and strain: 10%) and (c) after dynamic 

compression (strain rate: 1500 s-1 and strain: 9%). 

 

SEM images of triple junctions in NiTi SMA samples a) before compression, b) after quasi-

static compression and c) after dynamic compression are shown in Figure 3.5.2(a)-(c), respectively. 

Before compression in the as-received hot rolled state (Figure 3.5.2(a)), grain size is on the order 

of 10 μm, as shown in Figure 3.4.1, with martensite variant widths, which span whole grains, on 
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the order of 200 nm. Grain boundaries can be clearly seen as well as typical well-ordered and 

aligned martensite variants within the grains. After quasi-static compression (Figure 3.5.2(b)), 

primary martensite variant widths, which span whole grains, have become smaller on the order of 

100 nm with even smaller secondary martensite variants in between the primary variants on the 

order of 50 nm. Grain boundaries and triple junctions can still be easily identified; however, the 

initial martensite variants have transformed into smaller variants which align in a preferred 

direction.  After dynamic compression (Figure 3.5.2(c)), the grain size is difficult to determine 

because the grain boundaries have become difficult to clearly distinguish due to sever deformation. 

The primary martensite variant widths no longer span whole grains and have become fragmented; 

however their spacing is much more variable and much smaller on the order of ~50 nm. Grain 

boundaries and triple junctions are difficult to distinguish too. During dynamic compression, the 

initial variants deform at such a high rate that they are unable to reduce the strain by martensitic 

reorientation; instead the original variants intersect each other, overlap, and blur the grain boundary. 

As illustrated in Figure 3.4.4, the softening of the slope in the elastic region (Stage I) is due 

to the influence of martensitic reorientation in combination with elastic deformation. The change 

in slope (or stress plateau) in Stage II (Figure 3.4.4) is due to localized Lüders-like martensitic 

reorientation to accommodate variants in preferred directions, which is often in the direction of the 

applied stress [56, 57]. During quasi-static compression, not all of the martensite variants reorient 

within Stage II and so the slope in Stage III is less steep since martensite reorientation continues 

to occur along with elastic deformation of the reoriented martensite as the strain increases. In 

contrast, during dynamic compression, more of the martensite variants reorient within in Stage II 

extending this region by about 1.2% more strain before the slope in Stage III becomes much more 

abrupt and exhibits a steeper slope. 



69 

 

 

Figure 3.5.3 shows X-ray diffraction (XRD) patterns of martensitic NiTi samples a) before 

compression, b) after dynamic compression, c) after quasi-static compression, d) after dynamic 

compression and annealing at 873 K (600 °C) for 30 minutes, and e) after quasi-static compression 

and annealing at 873 K (600 °C) for 30 minutes. The sample before compression shows diffraction 

peaks from monoclinic martensitic NiTi (PDF#: 00-035-1281 [58]) and cubic austenitic NiTi 

(PDF#: 00-019-0850 [59]). While Ti2Ni particles are observed in the SEM images, the Ti2Ni phase 

(PDF#: 00-018-0898 [60]) is not detectable using XRD likely due to the fact that only a small 

percentage of the particles are present and therefore the intensity of the diffraction is weak. The 

 

Figure 3.5.3. Comparison of XRD patterns (a) before compression, (b) after dynamic 

compression, (c) after quasi-static compression, (d) after dynamic compression and 

annealing at 873 K (600 °C) for 30 minutes, and (e) after quasi-static compression and 

annealing at 873 K (600 °C) for 30 minutes. 
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sample before compression is predominantly martensitic as evident from the intensities of the 

(101)M,  (020)M, (111)M, (002)M, (111)M planes of martensitic NiTi in Figure 3.5.3; however, 

a small amount of austenite is also observable, while R-phase was not observed in X-ray diffraction 

patterns due to its instability at room temperature, at which the XRD was carried out. If R-phase 

was present, the six most intense peaks within a 2θ range of 25°-65° would be located at a 2θ 

(normalized intensity) of 29.6° (6.7), 42.1° (100), 44.5° (3.8), 61.4° (26.5), 76.6° (8.8), and 77.6° 

(19.1) [61]. While it is not possible to resolve R-phase in XRD, according to the DSC results in 

Figure 3.4.3, the peak which appears before the austenite peak during cooling is typical of R-phase 

and is  assumed to be R-phase here [13, 53, 54]. All peak intensities from the NiTi sample after 

dynamic compression have decreased, indicating that accommodation has occurred and that many 

of the martensite grains have reoriented to the (101)M, (111)M, and (111)M planes. The sample 

after quasi-static compression exhibits a similar behavior; however, the intensity from the (111)M 

plane is much stronger, which is in alignment with the SEM images from samples after quasi-static 

compression. Therefore, most of crystal planes align in [111]M direction after both dynamic and 

quasi-static loading, which is likely the loading direction and drawing direction. After annealing 

at 873 K (600 °C) for 30 minutes, samples after both quasi-static and dynamic compression show 

an increase in the intensities of the (002)M  and  (111)M , a return of the (002)M plane, and a 

decrease in the intensity of the (111)M plane. Annealing the samples results in relaxation of the 

strained regions which allows for reoriented martensite to return to its original martensite variants. 

The XRD pattern change can be explained by the Scherrer equation [62, 63]: 

𝛽 =
𝐾𝜆

𝐿 𝑐𝑜𝑠𝜃
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Where λ is the wavelength of the incident x-ray, K is a constant and equal to 0.94 under two basic 

assumptions, Gaussian line type behavior and the particles have a homogeneous cubic shape, L is 

the crystallite size, and θ is the diffraction angle, β is the line broadening at half the maximum 

intensity (FWHM) in radians. Peak broadening (Figure 8) and a decrease in FWHM, according to 

the Scherrer equation, indicate that more strain is present in a given orientation due to small 

distortions of the lattice after both dynamic and quasi-static compression. Under dynamic 

compression, greater reorientation can be seen in Figure 3.5.2(c), where grain boundaries, primary 

and secondary martensite variants can be clearly identified after quasi-static compression, however 

the grain boundaries are difficult to distinguish and only some of martensite variants can be found 

after dynamic compression.  It also can be seen by comparing the intensities of (101) M, (020) 

M,(111) M, (002) M, and (111) M crystal planes of martensitic NiTi after dynamic compression and 

quasi-static compression. 

 

3.6 Conclusions 

The mechanical behavior, microstructural changes, and phase transformation behavior of 

martensitic NiTi shape memory alloys were examined in the as-received hot rolled state and after 

annealing at various times and temperatures under quasi-static and dynamic compression. Several 

conclusions are drawn upon the results: 

1. Phase transformation peaks disappear after quasi-static and dynamic compression. This 

result indicates that the shape memory effect has been completely removed due to the large 

amount of plastic deformation that occurs during dynamic compression. Subsequent 

annealing at 1123 K (850 °C) for 30 minutes results in the reappearance of the shape 
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memory effect with a more distinct two-step phase transformation (M→R, R→A). It is 

interesting to note however that the material can be completely recovered by annealing at 

873 K (600 °C) for 30 minutes. 

2. The stress strain curve under dynamic compression showed a longer stress plateau and a 

higher plastic stress level in the plastic deformation region as compared to that under quasi-

static compression. This is likely due to a more complete reorientation of martensite 

occurring before Stage III (elastic deformation of reorientated martensite), under dynamic 

loading, while martensite reorientation extends and continues into elastic deformation of 

reorientated martensite region under quasi-static loading. 

3. As indicated by XRD, residual strain after unloading shows that the intensities of most 

diffraction peaks decrease after both dynamic and quasi-static compression, with the 

exception of (111)M  plane which remains essentially constant or even increases after 

quasi-static loading, which indicates the preferred martensitic direction. The relaxation of 

strained regions during annealing enhances the recovery of reorientation martensite 

variants, consequently, the return of the shape memory effect is observed. 

Based on our results, martensitic NiTi SMAs show excellent properties as damping 

materials at both quasi-static and dynamic compression. They both exhibit about the same amount 

of stored energy up, which can be fully recoverable at strains below ~6%. 
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CHAPTER 4 

INFLUENCE OF HIGH STRAIN RATE COMPRESSION ON PHASE 

TRANSFORMATION OF MARTENSITIC NITI SHAPE MEMORY ALLOYS 

4.1 Abstract 

The compressive response of martensitic NiTi shape memory alloys (SMAs) under high 

strain rate (1200 s-1) was investigated on a modified Kolsky (Split Hopkinson) compression bar. 

The single-loading momentum trapping system ensures precise deformation control (1.4%, 1.8%, 

3.0%, 4.8%, and 9.6%) and single loading during dynamic compression. With increasing strain, 

the phase transformation peaks shift towards lower temperatures while the intensities of these 

peaks decrease and eventually disappear completely at strains above ~7%, where the onset of 

plastic deformation of reoriented martensite occurs. All transformation peaks are recoverable 

after deformation simply by annealing at 873 K (600 °C) for 30 minutes, except those peaks 

corresponding to strains above ~7% (e.g. 9.6%) which return upon annealing, but at a lower 

temperature. XRD results showed the variation of the strongest diffraction peak from (11̅1) to 

(111) crystal plane before and after high strain rate compression. 

Note: This chapter is presented in entirely from Qiu, Ying, Marcus L. Young, and Xu Nie. "High 

Strain Rate Compression of Martensitic NiTi Shape Memory Alloys."Shape Memory and 

Superelasticity1.3 (2015): 310-318.DOI:  DOI 10.1007/s40830-015-0035-y with permission 

from Springer. 
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4.2 Introduction 

Martensitic shape memory alloys (SMAs) exhibit a unique shape memory effect where the 

material can be mechanically deformed and subsequently fully recovered by a simple thermal or 

electrical heating and cooling, thus “remembering” its original shape. These SMAs are found in a 

variety of aerospace [1-3], medical [4, 5] and civil fields [6, 7] applications over the last several 

decades. Among the alloy systems which exhibit the shape memory effect, NiTi-based SMAs have 

attracted more attention due to their excellent mechanical properties, good biocompatibility and 

high corrosion resistance as well as their potential for structural and energy-absorbing applications 

[8-10]. In these types of applications, the NiTi SMA component is exposed to high strain rate 

deformation, large strain deformation, or both. It has been shown that the mechanical behavior of 

NiTi SMAs is dependent on strain rate, temperature, processing conditions, and deformation 

history [10].  

Liu et al.[11-18] investigated the mechanical behavior and deformation mechanisms of 

martensitic NiTi SMAs under quasi-static loading. They reported Lüders-like deformation 

behavior and an asymmetric compression and tension stress-strain behavior, which results from 

different deformation mechanisms (predominantly by detwinning under tension and by dislocation 

propagation under compression). Furthermore, they also examined the microstructural variation of 

martensitic NiTi SMAs under tension and identified four different stages of strain. In order to better 

understand NiTi SMAs under shock or dynamic loading conditions, early research efforts 

involving high strain rate experiments on a conventional split Hopkinson pressure bar by Ogawa 

[19] showed that the strain rate effects on mechanical behavior of NiTi SMAs were related to phase 

transformation at the strain rates of 2~7 × 102 s-1.  Chen etc. al [20] studied the compressive 

responses of a NiTi SMA under austenite phase at the strain rates ranging from 0.001 s-1 to 750 s-
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1 and found that the compressive stress strain behavior of NiTi SMA is related to strain rate. That 

conclusion is based on the results that (1) the stress strain loops are open due to the residual 

deformation during dynamic loading while these loops are close under quasi-static loading 

conditions; (2) the transition stresses from a stiff behavior to a soft behavior are different under 

dynamic and quasi-static loading conditions. Similar conclusion was obtained by Nemat-Nasser et 

al. [21]. In another study, Chen et al. [7] investigated the mechanical behavior of the same materials 

at temperatures slightly above and below the austenite finish transformation temperature and 

reported that the slope of the stress strain curve is stiffer at higher environmental temperature. Very 

high strain rate (greater than 10,000 s-1) response of a NiTi SMA was achieved on a mini-

Hopkinson bar system with stepped striker bars by Nemat-Nasser et al. [22]. They also carried out 

experiments on the cyclic response of NiTi SMA at high strain rates and temperatures [23]. Miller 

et al. [24] and Jiang et al. [25] studied damage evolution and fracture mechanism under high strain 

rate loading conditions and observed voids on the specimens after deformation. Millett et al. [26] 

examined the shock behavior of NiTi SMAs during one-dimensional shock loading at impact 

velocities of 200~875 ms-1. The influence of high strain rate on the functional properties (e.g. two-

way shape memory effect) of NiTi SMAs was conducted by Bragov et al. [27]. With a digital 

image correlation technique, the strain field of NiTi SMAs was measured by Saletti et al. [28] 

under moderate strain rate. Patman et al. [29] studied the effect of strain rates and temperatures on 

compressive response of NiTi SMAs and found that superelastic properties effect increases with 

increasing strain rate and temperature when martensite and austenite coexisted in one sample, 

which is different from sample with either pure austenite phase or pure martensite phase. 

Adharapurapu et al. [30-32] determined the effects of strain rate, temperature, aging conditions, 

cold work, and texture on mechanical properties of NiTi SMAs. The compressive response of NiTi 



85 

 

SMAs in the martensitic state was examined at a strain rate of 3000 s-1 by Liu et al. [33]. Although 

the experimental results on mechanical behavior of superelastic NiTi SMAs under both quasi-static 

and dynamic loading conditions, in terms of strain rate and temperature, have been reported, the 

influence of high strain rate on phase transformation, crystal structure, and microstructure of 

martensitic NiTi SMAs has not been specifically investigated. Furthermore, previous high strain 

studies on NiTi SMAs were primarily focused on the dynamic constitutive response of the 

materials [19-34]. Some high strain rate research has correlated the macroscopic stress-strain 

behavior with the microstructural evolution of either Ni rich NiTi SMA or austenite state SMA [22, 

24, 25, 28, 31, 32]. For martensitic NiTi SMAs, currently no studies have focused on the 

correlation between the macroscopic stress-strain behavior and the microstructural 

evolution/thermal changes associated with phase transformation. Besides examining this 

correlation, the experimental procedure of previous high strain rate studies were not carried out in 

a manner where constant strain rate loading and single loading can be maintained. In this study, 

we particularly focus on developing a novel experimental procedure, which involves Kolsky bar 

wave shaping technique and single-loading technique, to realize well-controlled constant strain 

rate and single loading of the specimens as well as to precisely recover the specimens after each 

incremental deformation. By following this procedure, the microstructural changes can be 

quantitatively related to the imposed specimen deformation under dynamic loading conditions and 

be compared with microstructural/thermal changes associated with phase transformation. Using 

this new procedure in our previous study[34], we reported different mechanical behavior of 

martensitic NiTi SMA under quasi-static and dynamic loading conditions and its influence on the 

phase transformation characteristics. Here, we examine the relationship between phase 

transformations, crystal structure, and microstructure of martensitic NiTi SMAs compressed to 
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different strains under high strain rate loading conditions. This is the first time that the mechanical 

results have been correlated with microstructural observations for martensitic NiTi SMAs under 

high strain rate loading conditions. 

4.3 Experimental Methods 

Martensitic NiTi SMA rods with 6.35 mm in diameter, provided by ATI Specialty Alloys 

and Components (Albany, Oregon), were investigated in this study.  The nominal composition of 

the rod is 49.5 at.% Ni and 50.5 at.% Ti. An oil-cooled diamond wire saw (MTI Corporation, STX-

202) was used to cut compression samples and then all samples were slightly etched in a dilute 

nitride acid solution to remove the oxidized surface layer.   

High strain rate compressive tests were conducted on a modified Kolsky compression bar 

at room temperature. As illustrated in Figure 4.3.1, the Kolsky compression bar consists of a striker, 

an incident bar, a transmission bar, and a momentum bar. A gas gun accelerates the striker to 

impact the incident bar and generates an elastic compressive wave which travels down to the other 

end of the incident bar. The sample sitting between the incident bar and transmission bar is 

deformed by the incoming loading pulse, which results in a reflected pulse that travels back into 

the incident bar, and a transmitted pulse that enters the transmission bar. The momentum bar 

diverts the excessive energy into a shock absorber system. The pulse shaper on the impact end of 

the incident bar ensures constant strain rate deformation and maintains dynamic stress equilibrium 

in the specimen. The single-loading momentum trapping system facilitate precise deformation 

control as well as ensure that the sample is not repeatedly loaded by the multiple reflected waves. 

The strain gages attached on incident and transmission bars collect the incident, reflective, and 

transmitted pulses as a function of time. According to the one-dimensional stress wave theory, the 
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stress and strain response of the sample can be calculated from the transmitted and reflected pulses, 

respectively. The strain rate (�̇�𝒔(𝒕)), strain history ((𝜺𝒔(𝒕)) and stress history ( 𝝈(𝒕)) of the sample 

can be calculated by the formulas as follows: 

 �̇�𝒔(𝒕) = −
𝟐𝑪𝟎

𝑳𝒔
 𝜺𝑹(𝒕), 

Where 𝐶0 is the 1-D elastic stress wave speed in the bars, 𝑳𝒔 is the length of the sample, and 𝜺𝑹(𝒕) 

is the strain history of the reflected pulse; 

𝜺𝒔(𝒕) = −
𝟐𝑪𝟎

𝑳𝒔
 ∫ 𝜺𝑹(𝝉)𝒅𝝉

𝒕

𝟎
. 

 

 𝝈(𝒕) =  
𝑨𝟎𝑬

𝑨𝒔
 𝜺𝑻(𝒕). 

Where 𝑨𝟎 is the cross-sectional area of the initial sample and 𝑨𝒔 is the cross-sectional area of the 

transmission bar, E is the Young’s modulus of the bar, and 𝜺𝑻(𝒕) is the strain history of the 

transmission pulse.  

 

 

Figure 4.3.1. Schematic diagram of modified Kolsky compression bar. 
 

Samples for high strain rate compression had an aspect ratio of 1:1, which was chosen to a) 

decrease the buckling effect which occurs with large aspect ratio samples and b) eliminate the 

barreling effect which occurs with small aspect ratio samples. A lubricant (Dow corning high 
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vacuum grease) was applied on both ends of the specimen to reduce the friction at the contact 

surfaces between the Kolsky compression bars and the sample. 

Scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS) was 

conducted on an FEI Nova 200 NanoLab instrument. In order to reveal the grain boundary and 

martensitic microstructure, compression martensitic NiTi rod samples were examined in cross-

section after polishing with 0.02 micron colloid silica and then electropolishing using a LectroPol-

5, Struers electropolishing machine using 20% (by volume) H2SO4 and 80% (by volume) CH3OH 

as an electrolyte.   

Differential scanning calorimetry was carried out on samples with a mass between 10 mg 

to 50 mg by using Netzsch DSC 204 F1 Phoenix differential scanning calorimeter (DSC). The 

DSC samples were sealed in cold-weldable, lidded aluminum crucibles and then heated and cooled 

between 223 K (-50 °C) to 373 K (100 °C) at a scanning rate of 10 K/minute in a helium 

atmosphere. Only the first cooling and second heating data were used for analysis after the samples 

were heated from room temperature (about 298 K (25 °C)) to 373 K (100 °C) , held for 3 minutes 

to reach thermal equilibrium, and cooled down to 223 K (-50 °C), held for another 3 minutes, and 

heated up again to 373 K (100 °C). X-ray diffraction (XRD) measurements were conducted on 

Rigaku Ultima III X-ray diffractometer (XRD), which was operated at 40 kV and 44 mA with a 

CuKα radiation source. Diffraction patterns were collected from 20° to 90° at a scanning rate of 

1°/min. 

4.4 Results and Discussion 

As illustrated in Figure 4.4.1, the cross-section of as-received martensitic NiTi sample 

shows a martensitic NiTi matrix with Ti2Ni particles (white arrow in Figure 4.4.1 (a)), which are 
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typically located at the grain boundaries. Ti2Ni particles are known to bear a higher mechanical 

load upon straining, which induces crack propagation and brittle fracture during mechanical testing 

[35]. The grains shown in Figure 4.4.1(a) range between 5 μm to 20 μm in size. Well aligned 

martensitic bands on the order of about 1 μm in width and running the length of the grain are 

observed within these grains, Figure 4.4.1(b).  

Due to the different deformation mechanisms of martensite twins under quasi-static loading, 

martensitic NiTi SMAs exhibit 4-stage stress-strain curves [13]. These deformation stages occur 

in the following order and consists of elastic deformation of martensite, reorientation of martensite, 

elastic deformation of reoriented martensite, and plastic deformation of reoriented martensite. As 

illustrated in Figure 4.4.2, these 4 stages are also observed under high strain rate loading.  Figure 

4.4.2 shows a series of stress-strain curves from martensitic NiTi SMA specimens which were 

separately compressed to 1.4 %, 1.8 %, 3.0 %, 4.8 %, or 9.6 % strain under high strain rate (1200 

s-1).  

 

Figure 4.4.1. Scanning electron microscope images of as-received martensitic NiTi 

specimen after electropolishing (a) multiple grains and (b) single grain. 
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Similar results can be found in Liu et al. [33]. The variation of the stiffness on loading and 

unloading under high strain rate compression (Table 4.4-1) can be observed. This variation is 

commonly observed as the “elastic” region is rarely purely linear for martensite due to the fact that 

the curve contains both elastic behavior as well as an increasing amount of martensite reorientation 

(twinning), which softens the curve and the apparent modulus, and also some plastic deformation 

[36, 37]. Besides this difficulty, some other unavoidable factors can also induce variation in 

apparent modulus: 1), the strain rate is increasing at the early stage of loading (true only for 

dynamic testing), 2) several uncertainties such as system and sample misalignment (true for both 

quasi-static and dynamic testing), wave dispersion during wave propagation (true only for dynamic 

testing), indention of the bars and early stress equilibrium (true only for dynamic testing), and 3) 

the stress strain data under high strain rate loading condition is calculated from electrical signal, 

which is directly collected by oscilloscope, so the selection of the starting point for data reduction 

has an influence on the results, which is difficult to quantify (true only for dynamic testing). It is 

well-known that the observed modulus in a macroscopic stress-strain curve for NiTi is not 

reflective of a true modulus for martensite (near 70 GPa from neutron diffraction and synchrotron 

XRD [36-41]). Literature reports the apparent elastic modulus of martensite to range between 20-

70 GPa [36-41].Thus, the apparent elastic modulus observed here is within range of those reported 

in literature and are essentially the same during loading up to 4.8% strain. 

Each curve was obtained from a NiTi compression rod sample which was initially in the 

as-rolled state. The first stress strain curve (1.4% maximum strain) shows an elastic modulus of 

about 25 GPa, which is within the range of elastic moduli values reported in the literature [37, 38, 

41]. The residual strain indicates that martensite reorientation occurs before the sample was 

compressed to 1.4%, which is consistant with the results in Liu et al. [12]. observed that the onset 
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of the stress-plateau (~1.2% strain) on the stress-strain curve indicates the initiation of the 

martensite reorientation process. Similar mechanical behavior was also observed in the subsequent 

two stress-strain curves (1.8% and 3.0%  maximum strain) except that higher stress levels was 

obtained as at larger strains, with 204.3 MPa at 1.4% strain (Eload= 25 GPa), 215.7 MPa at 1.8% 

strain (Eload = 25 GPa), and 299.3 MPa at 3.0% strain (Eload = 20 GPa). As the strain is increased, 

there is also an increase in deviation from linearity, which indicates that in addition to elastic 

deformation of martensite, there is also martensite reorientation. The stress strain curve up to 4.8% 

also shows both elastic deformation of martensite and martensite reorientation as well as a clear 

inflection point at about 450 MPa which indicates that elastic deformation of reoriented martensite 

has also started. The slope of the stress strain curve increases from 7.8 GPa to 14.6 GPa  

 

Figure 4.4.2. Series of compressive stress strain curves of martensitic NiTi SMA 

specimen under high strain rate (1200 s-1). 

 



92 

at this inflection point. Finally, the stress strain curve up to 9.6% exhibits all four stages (elastic 

deformation of martensite, reorientation of martensite, elastic deformation of reoriented martensite, 

and plastic deformation of reoriented martensite), which are distinctly observable in Figure 4.4.2. 

The last  inflection point (correlating to plastic defomration of reoriented martensite) occurs at 

about 1600 MPa ( the corresponding strain is about 7%) in the sample plastically deformed to 

9.6%. This behavior likely indicates that  defects such as dislocations and residual strain after 

unloading accumulate with increasing strain as is consistnet with previous research [18]. 

Table 4.4-1. Maximum applied strain, stiffness on loading and unloading, and irrecoverable 

strain for martensitic NiTi SMAs after high strain rate compression. 

εmax (Pct) 1.4 1.8 3.0 4.8 9.6 

Eload (GPa) 25 25 20 23 33 

Eunload (GPa) 48 47 34 52 28 

DSC measurements were conducted on the martensitic NiTi samples before and after high 

strain rate (1200 s-1) compression to the strain of 1.4%, 1.8%, 3.0%, 4.8%, or 9.6%. As indicated 

in Figure 4.4.3, the phase transformation temperatures of the as-rolled sample are Ms = 324.4 K 

(51.4 ºC), Mf = 311.8 K (38.8 ºC), A s = 347.5 K (74.5 ºC) and Af = 355.4 K (82.4 ºC) respectively. 

A 2-step transformation, corresponding to a transformation from B19’ to R-phase and then R-phase 

to B2, is observed during heating [42]. With increasing compression strain up to 4.8% strain, the 

peak corresponding to the R-phase to B2 (red dot curves in Figure 4.4.4) transformation increases, 

while the peak corresponding to B19’ to R-phase (blue dash dot curves in Figure 4.4.4) 

transformation decreases. Both transformation peaks increase in intensity and remain at a fixed 

temperature regardless of the amount of strain, with the exception of strain up to 9.6%. This is due 



93 

 

to the fact that the martensite stabilization effect [16, 43,44] commonly observed is removed after 

the first heating cycle during DSC, where we only show the first cooling curve and the second 

heating curve whereby all stabilization by deformed martensite has been removed at strains 

below9.6% strain. At the same time, the 1-step peak observed during cooling which corresponds 

to the B2 to B19’ transformation gradually decreases in intensity and temperature. The increasing 

intensity in both cases indicates that, as the strain is increased, more energy is stored in the sample 

after deformation, which is also confirmed when examining the increase in area under the curve 

in Figure 4.4.2 with increasing deformation before the fourth stage (plastic deformation of 

reoriented martensite). Apparently, there is a threshold strain between 4.8% and 9.6%, below 

which the phase transformation feature (i.e. the shape memory effect) is present and above which 

phase transformation is completely removed. That threshold value is likely at ~7% strain according 

to Figure 4.4.2, which is much lower than that under quasi-static loading conditions [45], which is  

 

Figure 4.4.3. DSC curves of the martensitic NiTi SMA samples before and after high 

strain rate (1200 s-1) compression to the strain of 1.4%, 1.8%, 3.0%, 4.8%, or 9.6%. 
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likely due to more plastic deformation of reoriented martensite occurring during high strain rate 

loading compression as compared to quasi-static loading compression. Figure 4.4.4 shows the 

decoupling of the two-step transformation which occurs during heating. A Gaussian peak fitting 

was performed. The B19’ to R-phase peak broadens and lowers down gradually with the increasing 

strain, while the other peak is sensitive to the increasing strain. It increases at the strain of 1.4% 

and then decreases with higher strains. This is due to the strain energy induced by the distorted 

crystal planes as shown in Figure 4.4.5. 

 

Figure 4.4.4. DSC heating curves of martensitic NiTi SMA before and after high strain 

rate (1200 s-1) compression to the strain of 1.4%, 1.8%, 3.0%, or 4.8% (peak fitting by 

Gaussian). 

. 
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It is well-known that the crystal structure changes during compression loading as a result 

of a martensite deformation and reorientation. In order to examine this change in crystal structure 

after high strain rate compression, XRD patterns were obtained from each sample as shown in 

Figure 4.4.5. The diffraction peaks correspond very well with diffraction peaks from monoclinic 

martensitic NiTi (PDF#: 00-035-1281). According to the peak position and its relative intensity, 

the (101), (020), (11̅1), (002) and (111) planes of martensitic NiTi are identified as well as the 

(662) plane from Ti2Ni phase, which continuously decreases with the increasing compression 

strain. There is no apparent peak shift after compression; however, the peak intensity decreases 

with increasing strain except at the strain of 1.4%, at which the deformation stage is close to the 

onset of martensite reorientation (as shown in Figure 4.4.2). At all strain rate loading conditions, 

 

Figure 4.4.5. XRD patterns of the sample before and after compression to the strain of 

1.4%, 1.8%, 3.0%, 4.8% or 9.6%. 
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the diffraction peaks indicate that martensite is present at room temperature; however, the 

orientation changes significantly and, based on DSC results in Figure 4.4.3, the phase 

transformation is removed when the orientation is as shown for the diffraction peaks for 9.6% 

strain. The most intense diffraction peak for compression up to 1.4%, 1.8%, 3.0% or 4.8% is the 

(11̅1) plane, while the most intense diffraction peak for compression up to 9.6% strain is the (111) 

plane, which indicates a reorientation of martensite. Hence, large strain compression under high 

strain rate results in large residual strain (as indicated in Figure 4.4.2), which is accommodated by 

the severe distortion of crystal planes.  

 

Figure 4.4.6. SEM images of martensitic NiTi shape memory alloys before and after high 

strain rate compression (a) before compression, (b) 1.4% comrpession, (c) 1.8% 

compression, (d) 3.0% compression, (e) 4.8% compression, and (f) 9.6% compression. 
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SEM images of martensitic NiTi shape memory alloys before and after high strain rate 

compression are shown in Figure 4.4.6(a-f). Before compression, grain boundaries are relatively 

easy to identify and the martensite bands align in the same direction within each individual grain 

and appear ordered. As strain is increased, the ordered regions of martensite as shown in Figure 

4.4.6(b-e) exhibit finer bands which can still be reversibly transformable, then martensite bands 

and grains begin to break apart and become disordered. When the compression strain reaches 9.6% 

strain, grain boundaries and ordered martensite become difficult to distinguish.  

 

 

Figure 4.4.7. DSC curves of deformed samples annealed at 873 K (600 °C) for 30 minutes. 

 

Figure 4.4.7 shows DSC curves from the deformed samples after annealing at 873 K 

(600 °C) for 30 minutes. For samples compressed to the strain of 1.4%, 1.8%, 3.0%, or 4.8%, the 

phase transformation peaks are all fully recovered  with almost the same peak positions and 

intensities. Macroscopically, the sample dimensions are also fully recovered after annealing for 
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these compression strains, which correspond to the deformation stages before plastic deformation 

of reoriented martensite occurs. In the case of 9.6% strain where plastic deformation of reoriented 

martensite occurred as indicated in Figures 4.4.2 and 4.4.6(f), the phase transformation peaks 

completely disappeared after deformation and return after annealing, but are shifted down in 

temperature (i.e. 2.6 K (2.6 °C) lower for the martensite phase transformation and 6 K (6 °C) lower 

for the reverse phase transformation). When the compressive strain is smaller than ~7% strain, 

elastic deformation of martensite, reorientation of martensite, and elastic deformation of reoriented 

martensite occur, whereas in addition to these three stages of deformation, irrecoverable plastic 

deformation of reoriented martensite occurs at strains above ~7% strain according to Figure 4.4.2. 

This plastic deformation induces progressive disordering of martensite which can be seen in the 

SEM images in Figure 4.4.6(f) where grain boundaries and ordered martensite have become 

completely fragmented. Consequently, phase transformation peaks or transformability disappear 

as shown in Figure 4.4.3. During annealing, nucleation and growth of new austenite occurs, which 

transforms into ordered martensite upon cooling [45]. Defects such as dislocation network induced 

by compressive deformation can be removed more completely or the defect configuration can be 

rearranged in the formation of new austenite. This new austenite results in a permanent strain in 

the material after phase transformation to room temperature. Therefore, the transformation 

temperatures drop slightly after the 9.6% deformed sample was annealed. 

4.5 Conclusions 

In this research, martensitic NiTi specimens were compressed separately at a strain rate of 

1200 s-1 to a strain of 1.4%, 1.8%, 3.0%, 4.8%, or 9.6%. DSC measurements and XRD analysis 

were carried out to investigate the influence of high strain rate at five different strain levels on the 
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phase transformation and crystal structures of martensitic NiTi SMAs. Several conclusions are 

drawn upon the results:  

1. A 4-stage stress strain curve for a martensitic NiTi SMA was obtained at the strain rate of 

1200 s -1. These stages correspond to elastic deformation of martensite, reorientation of 

martensite, elastic deformation of reoriented martensite and plastic deformation of 

reoriented martensite. 

2. A critical compression strain is observed between 4.8%-9.6% strain under high strain rate 

loading (e.g. strain rate of 1200 s-1). When the deformation strain is above that value, the 

phase transformation, which is related to the shape memory effect, does not occur. This 

response is a direct result of an accumulation of large residual strains likely due to the 

occurrence of plastic deformation of reoriented martensite, which initiates at ~7% strain. 

3. The phase transformation features disappear gradually as the sample is compressed to an 

increasing strain and is fully recoverable after the sample is annealed at 873 K (600 °C) for 

30 minutes, even for samples with very high plastic deformation (e.g. 9.6%); however, 

recovery above ~7% strain leads to permanent plastic deformation which ultimately lowers 

the phase transformation temperatures. 
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 CHAPTER 5 

INFLUENCE OF TEMPERATURE ON PHASE TRANSFORMATION OF 

MARTENSITIC NITI SHAPE MEMORY ALLOYS AT DIFFERENT STRAIN RATE 

5.1 Abstract 

The compressive response of martensitic NiTi shape memory alloy specimens has been 

investigated using modified Kolsky compression bar at various strain rates (400 s-1, 800 s-1 and 

1200 s-1) and temperature (294 K and 373 K). In order to reveal the influence of strain rate and 

temperature on the microstructure, phase transformation and crystal structure, SEM, DSC and 

XRD were performed on the tested specimens. It was found that at room temperature (294 K), the 

critical stress increases slightly as strain rate increases, with a decreasing strain hardening rate. 

However, the critical stress under high strain rate compression at 373 K increases first and then 

decreases due to the competition of strain hardening and thermal softening. After high rate 

compression, the microstructure of both martensitic and austenitic phases changes as strain rate 

increases, while the phase transformation temperatures after deformation are independent of the 

strain rate at room temperature (294 K) and 373 K. The preferred crystal plane of martensitic phase 

has changed from (11̅1)M before compression to (111)M after compression at room temperature 

(294 K) while the preferred plane remains the same (11̅1)M for austenitic phase before and after 

compression. Additionally, dynamic recovery and recrystallization were also observed after the 

austenitic phase deformed at 373K. These findings have extended the understanding on the 

mechanical behavior, phase transformation, microstructure, and crystal structure evolution of NiTi 

SMAs especially under high strain rate loading conditions. 
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5.2 Introduction 

Due to the unique combination of properties: strength, ductility, corrosion resistance, 

biocompatibility and damping capacity, NiTi shape memory alloys (SMAs) have been intensively 

investigated and widely used in medical, aerospace, automotive and energy-absorbing applications 

[1–8] as compared with other types of shape memory alloys, like copper-based SMAs and iron-

based SMAs [9–17]. Previous research on the mechanical properties of NiTi SMAs has been 

mainly focused on low strain rate loading conditions [18–28]. It has been found in recent decades 

that the mechanical response of NiTi SMAs is sensitive to strain rate [29–42]. Nemat-Nasser et al. 

[38] reported that the transition stress from the austenite to the martensite phase and work-

hardening rate increases at around 1000 s-1. One year later, Chen and Bo [36] determined the stress 

strain curves of NiTi SMAs at a strain rate of 430 s-1 when the environmental temperature was 

changed from 273 to 323 K (0 to 50 °C) and found that : 1> the dynamic stress strain curves of 

NiTi SMAs exhibits a work-hardening behavior; 2> The specimen temperature changed during 

dynamic deformation, which was monitored with a small thermocouple ; 3> The higher the 

deformation temperature (in the range of 273~323 K (0~50 °C)), the stiffer the stress strain 

behavior is. Besides the mechanical properties of NiTi SMAs, the microstructures and phase 

transformation characteristics after high strain rate loading have also been studied. Void nucleation 

and growth was observed in NiTi SMA Specimens after dynamic loading by Miller et.al. [43]. 

After impact loading (300 ~ 1500 s-1), the austenite start and finish temperatures at the first heating 

cycle were found to be independent on the strain rate [44]. Liu et al. [30] conducted high strain 

rate compression on martensitic NiTi SMAs and found that the phase transformation 

characteristics were dependent on the amount of strain instead of strain rate. Recently, a systematic 

investigation on the mechanical response of NiTi SMAs at high strain rate have been performed 
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by Adharapurapu et.al. [31,45,46]. However, the microstructure, phase transformation 

characteristics and crystal structure changes after high strain rate deformation have not yet been 

examined. 

As discussed above, most of the current high strain rate researches of NiTi SMAs were 

conducted at room temperature, and few of them have taken temperature variation, which usually 

results from application of an environmental temperature change or external work heat 

accumulation, into consideration [31][36]. It is well known that temperature variation plays an 

essential role in the mechanical behavior of NiTi SMAs [31,36,47–50], consequently affecting the 

application of NiTi SMAs in the civil, aerospace and medical fields. The low temperature stable 

phase of NiTi SMAs (martensite phase) undergoes elastic deformation, martensite reorientation, 

followed by detwinning and slip or dislocation propagation [51–53] under deformation while only 

stress-induced martensite phase transformation is observed for high temperature stable phase 

(austenite). Since the temperature range between the martensite finish temperature (Mf) and the 

austenite finish temperature (Af) is often small, resulting in phase transformation with only a small 

temperature variation, it is imperative to examine the mechanical properties of the same type of 

NiTi SMAs for the sake of high-quality and safe utilization in seismic damping and energy 

absorbing devices. Therefore, the objectives of the present research are: (1) to conduct high strain 

rate tests on NiTi SMAs at different strain rate while achieving constant strain rate and single 

loading; (2) to explore the combined effects of strain rate and temperature on the dynamic 

compressive response of NiTi SMAs; (3) to investigate the microstructure, phase transformation 

characteristics and crystal structure changes after high strain rate compression at various strain rate 

and temperature. 
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5.3 Experimental  

5.3.1 Materials and Microstructure 

Martensitic NiTi SMA was obtained in the form of hot-rolled rod with a diameter of 6.35 

mm from ATI Specialty Alloys and Components (Albany, Oregon). A diamond wire saw (MTI 

Corporation, STX-202) was employed to cut samples. Oil-based coolant was used during the 

cutting to avoid thermal damage as the microstructure may be changed by the accumulated heat 

during cutting, which could in turn alter the mechanical behavior. In order to reveal the 

microstructures of martensitic NiTi SMA before and after high strain rate compression, samples 

were firstly grinded on the silicon carbide paper of 600, 800, 1200 grit and then polished under 1 

μm diamond suspension. After that, electropolishing was performed by using 20% H2SO4 and 80% 

CH3OH (by volume) as an electrolyte at 15 V and room temperature (294 K)on Struers 

electropolisher (LectroPol-5). By the use of electropolishing, the stressed layers and damaged 

surfaces created in the previous mechanical polishing process can be removed. An FEI Nova 200 

NanoLab Scanning electron microscopy (SEM) was used to do microstructure analysis. The grain 

size of martensitic NiTi SMA is between 5 and 20 μm with 1 μm thick martensite plates running 

through the whole grain. SEM images of as-received alloy were presented in ref [54].  

5.3.2 DSC Measurements 

The characteristic temperatures of phase transformation were measured using a differential 

scanning calorimeter (DSC) (Netzsch 204 F1 phoenix) in a helium atmosphere. DSC samples, 

which were around 20 mg, were cut from both as-received and deformed samples and sealed in 

the cold-weldable, lidded aluminum crucibles. The sealed DSC samples were heated up to 423 K 

(100 °C) from room temperature (294 K)and held for 3 minutes for thermo-equilibrium, followed 
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by complete cooling and heating cycles between 223 K (-50 °C ) to 423 K (100 °C) with a rate of 

10 K/min. The DSC samples were held for 3 minutes at the minimum and maximum temperatures. 

The typical phase transformation temperatures of martensitic NiTi SMA specimen measured by 

DSC were shown in Table 5.3-1 and the corresponding DSC curves were reported in our previous 

work [55]. 

 

Table 5.3-1. Phase transformation temperatures of martensitic NiTi SMA. 

 Ms (K) Mf (K) Rs (K) As (K) Rf /Af (K) 

martensitic NiTi 

SMA specimen 
324 311.8 335.6 347.5 355.4 

 

Ms, Mf, martensite start and finish temperature; Rs, Rf: R-phase start and finish temperature; 

 As, Af: austenite start and finish temperature. 

5.3.3 X-ray Diffraction 

All samples for X-ray diffraction (XRD) measurements were electropolished to obtain flat 

surface as well as to remove damaged layer from mechanical grinding and polishing. XRD patterns 

of martensitic NiTi SMA specimens after high strain rate compression were collected by Rigaku 

Ultima III X-ray diffractometer from 20 ° to 90 ° at a scanning rate of 2°/min, which was carried 

out at 40 kV and 44 mA with a CuKα radiation source. In-plane XRD technique was employed to 

collect diffractions from the lattice planes normal to the sample surface (transversal cross section) 

and to minimize the background intensities [56]. 
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5.3.4 High Strain Rate Tests at High Temperature 

 

 
Figure 5.3.2. Typical signals of martensitic NiTi SMA in a high strain rate compression 

test with pulse shaper. 

 

 

Figure 5.3.1. Schematic diagram of modified Kolsky compression bar. 
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 High strain rate compression tests were performed on a modified Kolsky compression bar 

(19.05 mm diameter) as indicated in Figure 5.3.1 at different temperatures (294 K and 373 K) and 

strain rates (400 s-1, 800 s-1, and 1200 s-1). The typical Kolsky compression bar consists of the 

striker, incident and transmission bars and momentum bar. Based on one-dimensional stress wave 

theory, the stress strain curve under high strain rate loading condition can be calculated from the 

reflected and transmitted signals, which are collected by strain gages on the incident and 

transmission bars. By the use of pulse shaper, essentially a small piece of metal, constant strain 

rate and stress equilibrium are achieved. Typical signals of martensitic NiTi SMA sample with 

pulse shaper under high strain rate compression are shown in Figure2. In addition, precise 

deformation control was achieved with the employment of the single loading momentum trap and 

a screwed flange, which also facilitated a direct correlation between the mechanical behavior and 

 

Figure 5.3.3. Incident and transmitted signals at room temperature (294 K) and 373 K 

(100 °C) the insert image is the zoom in of incident signal top. 
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microstructure evolution. In the present work, the deformation strain was controlled below 5% by 

properly setting the single loading momentum trap device. 

In order to obtain the desired specimen temperature (373 K), a tube furnace (MTI, Tube-

TF-1200X-S-UL) was added in the Kolsky compression bar system as indicated in Figure 5.3.1. 

Since the specimen temperature and furnace temperature are usually not the same, it’s imperative 

to conduct temperature calibration before the high strain rate compression tests. Therefore, a 

thermocouple was attached on the sample surface to monitor the sample temperature before actual 

tests. The results indicated that a furnace temperature of 444 K corresponded to the sample surface 

temperature of 373 K. In our elevated temperature experiments, a small portion of incident and 

transmission bars were heated up together with the sample while the rest of the bars were at room 

temperature (294 K). The imposed thermal gradient in the bar material my complicate the one 

dimensional wave propagation and therefore affect the accuracy of the collected stress wave data. 

To assess this influence, the incident pulses at room temperature (294 K) and 373 K were 

independently collected and compared without sample [36]. As shown in Figure 5.3.3, both 

incident and transmitted signals at these two different temperatures match very well, which 

indicates that the mildly elevated temperature does not seem to impose any noticeable effect on 

stress wave propagation. All samples for high strain rate compression tests at 294 K and 373 K 

have an aspect ratio of 1:1, and were held for 10 minutes at the target temperature to ensure 

completely phase transformation to austenite phase.  
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5.4 Results and Discussion 

5.4.1 High Strain Rate Compression of Martensitic NiTi SMA at Room Temperature (294 K) 

The stress strain curves of martensitic NiTi SMA specimen at the strain rate of 400 s-1, 800 

s-1 and 1200 s-1 conducted at room temperature (294 K) are shown in Figure 5.4.1. Since the 

martensite finish temperature of martensitic NiTi SMA is 311.8 K, the sample is martensite phase 

at room temperature (294 K), and consequently, undergoes martensite elastic deformation, 

martensite reorientation and detwinning and formation of dislocations [19] within 5% compressive 

strain. 

Unlike the stress strain curve of martensitic NiTi alloy under quasi-static loading condition, 

especially in tension [52,51], the compressive stress plateau was slightly slanted instead of flat and 

horizontal. Consequently, the transition process from martensite reorientation to elastic 

 

Figure 5.4.1. Stress strain curves of martensitic NiTi SMA specimens under high strain 

rate compression at room temperature (294 K). 
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deformation of reoriented martensite is cumulative and gradual, which also indicates that elastic 

deformation of reoriented martensite occurs at the early stage of martensite reorientation. As strain 

rate increases, the stress strain curves maintain the same trend while the stress level is slightly 

higher at the same strain. This is likely due to the dislocation generation and accumulation at the 

early stage of deformation [57], and the initiation of dislocation is relatively easier to be triggered 

at higher strain rate. Therefore, these dislocations become the barrier to the movement of 

martensite plates during compression. This feature indicates that the mechanical properties of 

martensitic NiTi SMA specimen is rate dependent. 

Microstructures of martensitic NiTi SMA specimen after high strain rate compression at 

room temperature (294 K) were revealed after electropolishing, as indicated in Figure 5.4.2. As 

presented in our previous work [54,55], for the undeformed sample, martensite plates in one grain 

were well-aligned in one direction while the martensite plates in the neighboring grains were found 

to be twin related to each other before compression. However, after high strain rate compression, 

the integrated and ordered martensite plates regions were broken into smaller and independent 

regions (as highlighted by red loop in Figure 5.4.2 (a)) and segregated by distorted and corrugated 

 

Figure 5.4.2. SEM images of martensitic NiTi SMA specimens after high strain rate 

compression at room temperature (294 K), (a) 400 s-1, (b) 800 s-1 and (c) 1200 s-1 (cross 

section perpendicular to the loading direction). 
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regions (as highlighted by green loop in Figure 5.4.2(a)). Furthermore, that ordered region became 

fragmented and the area decreases with increasing strain rate. 

The DSC curves of martensitic NiTi SMA after high strain rate compression at room 

temperature (294 K) are shown in Figure 5.4.3, which exhibits that the phase transformation peaks 

shift to lower temperature direction by about 5 K. The irrecoverable strain, which results in strain 

energy storing in the sample after unloading contributes to that temperature shift. The peak position 

and intensity of the phase transformation peaks remain similar even at the different strain rate, 

which indicates that the martensite and reverse phase transformation is insensitive to the strain rate 

when the compression strain is below 5%. It is reasonable that the elastic deformation and 

martensite reorientation are fully recoverable after the sample is unloaded and heated up over As. 

Figure 5.4.3. DSC curves of martensitic NiTi SMA after high strain rate compression at 

room temperature (294 K). 
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In Figure 5.4.4, the XRD result of martensitic NiTi SMA after high strain rate compression 

at room temperature (294 K) shows that the primary phase is still martensite (B19’, PDF#: 00-035-

1281) even though the micrographs exhibits less ordered martensite regions. It is interesting to 

notice that the strongest intensity peak has changed from (11̅1)M before compression to (111)M 

after compression at these three strain rates, which indicates that (111)M crystal plane is the 

preferred  

orientation after martensite reorientation and detwining under compressive loading and this 

preferred orientation is independent of strain rate. However, an austenite peak from (110) crystal 

plane appears only after compression at the strain rate of 1200 s-1, which also can be found in the 

XRD pattern before compression  as shown by the pink region in Figure 5.4.4. This phenomenon 

 

Figure 5.4.4. XRD patterns of martensitic NiTi SMA after high strain rate compression 

at room temperature (294 K). 
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can be explained by the temperature effect of high strain rate test. Chen and Song [36] had 

monitored the temperature change during dynamic compression, where 3 K temperature rise had 

been observed at the strain rate of 430 s-1. Higher temperature rise can be expected at the strain 

rate of 1200 s-1, which may lead to the reverse phase transformation. Not all the austenite phase 

transformation were reversed back to martensite phase upon cooling since a small amount of 

austenite phase may be locked in the deformed martensite and the interlocking dislocations after 

high rate compression. 

5.4.2 High Strain Rate Compression of Martensitic NiTi SMA at 373 K  

Since the austenite finish temperature of martensitic NiTi SMA is 355.4 K, the material 

was in austenite state when it experienced high strain rate compression at 373 K. Therefore, a 

 

Figure 5.4.5. Stress strain curves of martensitic NiTi SMA specimens under high strain 

rate compression at 373 K. 
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higher critical stress (the stress level that indicates the onset of martensite reorientation of stress 

induced martensite phase transformation) and stress induced plateau can be expected. At the strain  

rate of 400 s-1, the critical stress at 373 K (429.06 MPa) is much higher than that at room 

temperature (294 K) (174.6 MPa). The typical stress plateau of martensitic NiTi alloys and 

austenitic NiTi alloys under quasi-static loading condition at room temperature (294 K) is 140~180 

MPa [51,12] and 330~800 MPa [12,58] respectively, which vary with thermo-mechanical 

treatment, loading mode (compression or tension), and loading conditions (such as, strain rate , 

temperature et al. ). As shown in Figure 5.4.5, the stress strain curves of martensitic NiTi SMA do 

not exhibit pseduoelastic (or superelastic) effect at 373 K, which is the primary characteristic of 

the mechanic behavior of austenitic NiTi alloys. Two reasons can be considered to explain this 

mechanical behavior at 373 K: (1) Chen et al. [40] tested austenitic NiTi alloys without maintaining 

constant strain rate at high strain rate compression unloading and obtained open stress strain curves 

even with the deformation strain of 2.5%, and several years later, close stress strain loops were 

obtained by applying pulse shapers both on the incident bar and the rigid mass, by which both 

loading and unloading were performed under constant strain rate [36]. The higher strain rate is, the 

larger irreversible strain was observed after unloading [38]. Therefore, the fluctuant strain rate 

during unloading is responsible for the open stress strain curves of martensitic NiTi SMA alloy at 

373 K. (2) It is the result of the combination of high strain rate and high temperature. At high strain 

rate loading condition, the deformation is essentially adiabatic and most of the external work by 

high strain rate compression is dissipated in the form of heat, which leads to a temperature increase 

in the specimen, and that temperature rise is even higher when the surrounding temperature is as 

high as 444 K (170 °C). Consequently, the real temperature of the specimen may exceed Md 
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temperature (the highest temperature at which martensite phase transformation can be induced by 

stress) with the temperature effect of high strain rate compression and the furnace temperature. 

Critical stress is defined as the stress that induces martensite reorientation if the starting 

phase is martensite or stress-induced martensite phase transformation if the starting phase is 

austenite. Stress plateau is the slope of the stress strain curve undergoing martensite reorientation 

or stress-induced phase transformation. As indicated in Figure 5.4.6, critical stress and stress 

plateau were plotted as the function of strain rate at room temperature (294 K) and 373 K. For the 

same material, the critical stress of the low temperature martensite phase is insensitive to strain 

rate as compared with that of the high temperature stable phase (austenite). For martensite phase, 

strain hardening (work hardening) is dominant as strain rate increases, so the critical stress 

increases slightly (as shown in Figure 5.4.6 (a)) even though the strain hardening rate decreases as 

shown in Figure 5.4.6 (b). However, for austenite phase, the critical stress and stress plateau keep 

 

Figure 5.4.6. The critical stress (a) and stress plateau (b) of martensitic NiTi SMA after 

high strain rate compression as a function of strain rate at room temperature (294 K) and 

373K. 
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similar trend, both of which increase first and then decrease when the strain rate increases from 

400 s-1 to 1200 s-1. That is likely because the thermal softening, which is due to thermal effect from 

heat accumulated during compression and furnace heating, became dominant at the strain rate 

above 800 s-1 and 373 K. 

After high strain rate compression at 373 K, microstructure of martensitic NiTi SMA was 

examined under SEM. As shown in Figure 5.4.7. micro-cracks were observed at the strain rate of 

400 s-1 without apparent martensite plates under microscale. Less and smaller cracks can be found 

as well as more martensite plates on the SEM images after deformed at the strain rate of 800 s-1 

and 1200 s-1, which exhibits a reverse trend on martensite plate area as compared with 

microstructure after high rate compression at room temperature (294 K). 

 

 

Figure 5.4.7. SEM images of martensitic NiTi SMA specimens after high strain rate 

compression at 373 K: (a) 400 s-1, (b) 800 s-1 and (c) 1200 s-1 (cross section perpendicular 

to the loading direction). 
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Figure 5.4.8. DSC curves of martensitic NiTi SMA after high strain rate compression at 

373 K. 

As demonstrated by DSC in Figure 5.4.8 and XRD results, which is shown in Figure 5.4.9, 

martensitic NiTi SMA specimens remained martensite phase after deformed at 373 K under high 

strain rate loading. However, the preferred crystal plane remains (11̅1)M with the disappearance 

of the initial (110)A from austenite phase. It is likely that after high strain rate deformation, dynamic 

recovery and recrystallization (usually observed when the temperature is between As and Md [59]) 

occurs when martensite phase undergoes phase transformation to austenite and changes back to 

martensite upon heating and cooling. It is well know that the tendency of work hardening is 

inevitable during deformation, the thermal softening process, for instance, recovery and 

recrystallization also occurs due to thermal activation [60]. Therefore, clear and sharp diffraction 

peaks can be observed in the XRD patterns, which means even better crystalline can be obtained 

after high rate deformation at 373 K.  
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Figure 5.4.9. XRD patterns of martensitic NiTi SMA after high strain rate compression 

at 373 K. 

5.5 Conclusions 

In summary, martensitic NiTi SMA specimens have been tested at various strain rates (400 

s-1, 800 s-1 and 1200 s-1) and temperatures (294 K and 373 K) to investigate the influence of strain 

rate and temperature on martensite and austenite phase of the same material by using a modified 

Kolsky compression bar. Several conclusions are listed as follows: 

1. At room temperature (294 K), the primary phase of martensitic NiTi SMA specimens are

martensite. As strain rate increases, the critical stress increases slightly because of strain hardening 
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even though the strain hardening rate reduces gradually because of the interlocked dislocations. At 

373 K, the primary phase is austenite, the critical stress under high strain rate compression 

increases first and then decreases due to competition of strain hardening and thermal softening, 

which results from dynamic recovery and recrystallization. 

2. After high rate compression, the microstructure of martensitic phase changes as strain rate

increases, for instance, the area of ordered martensite regions diminishes, while that area increases 

for austenitic phase. 

3. The phase transformation of both martensitic and austenitic phases is independent of the strain

rate regardless of the temperature. 

4. The preferred crystal plane of martensitic phase has changed from (11̅1)M before compression

to (111)M after compression while the preferred plane remains the same for austenitic phase before 

and after compression. Additionally, dynamic recovery and recrystallization have also been 

observed after austenitic phase deformed at 373. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

In the present study, both the compressive response of NiTi SMA specimens under high 

strain rate as a function of strain, strain rate and temperature and the corresponding changes on the 

microstructure, phase transformation characteristics and crystal structure after deformation have 

been examined. 

In the first part of this work, both dynamic and quasi-static mechanical behavior of 

martensitic NiTi shape memory alloys were examined in the as-received hot rolled state and after 

deformation, annealing was conducted at various times and temperatures. The stress strain curve 

under dynamic compression showed a longer stress plateau and a higher plastic stress level in the 

plastic deformation region as compared to that under quasi-static compression. This is likely due 

to a more complete reorientation of martensite occurring before Stage III (elastic deformation of 

reorientated martensite), under dynamic loading, while martensite reorientation extends and 

continues into elastic deformation of reorientated martensite region under quasi-static loading. It 

was found that phase transformation peaks disappear after quasi-static and dynamic compression 

due to the large amount of plastic deformation. Subsequent annealing at 1123 K for 30 minutes 

results in the reappearance of the shape memory effect with a more distinct two-step phase 

transformation (M→R, R→A). It is interesting to note however that the material can be completely 

recovered by annealing at 873 K (600 °C) for 30 minutes. Residual strain after unloading leads to 

the intensities of most diffraction peaks decrease after both dynamic and quasi-static compression, 

with the exception of (111)M plane which remains essentially constant or even increases after 
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quasi-static loading, which indicates the preferred martensitic direction. The relaxation of strained 

regions during annealing enhances the recovery of reorientation martensite variants. 

Martensitic NiTi specimens were compressed separately at a strain rate of 1200 s-1 to a 

strain of 1.4%, 1.8%, 3.0%, 4.8%, or 9.6%. DSC measurements and XRD analysis were carried 

out to investigate the influence of high strain rate at five different strain levels on the phase 

transformation and crystal structures of martensitic NiTi SMAs. A critical compression strain is 

observed between 4.8%-9.6% strain under high strain rate loading (e.g. strain rate of 1200 s-1). 

When the deformation strain is above that value, the phase transformation, which is related to the 

shape memory effect, does not occur. This response is a direct result of an accumulation of large 

residual strains likely due to the occurrence of plastic deformation of reoriented martensite, which 

initiates at ~7% strain. The phase transformation features disappear gradually as the sample is 

compressed to an increasing strain and is fully recoverable after the sample is annealed at 873 K 

(600 °C) for 30 minutes, even for samples with very high plastic deformation (e.g. 9.6%); however, 

recovery above ~7% strain leads to permanent plastic deformation which ultimately lowers the 

phase transformation temperatures. 

Martensitic NiTi SMA specimens have been tested at various strain rates (400 s-1, 800 s-1 

and 1200 s-1) and temperatures (294 K and 373 K) to investigate the influence of strain rate and 

temperature on martensite and austenite phase of the same material by using a modified Kolsky 

compression bar. It was found that at room temperature (294 K), the primary phase of martensitic 

NiTi SMA specimens are martensite. As strain rate increases, the critical stress increases slightly 

because of strain hardening even though the strain hardening rate reduces gradually because of the 

interlocked dislocations. At 373 K, the primary phase is austenite, the critical stress under high 

strain rate compression increases first and then decreases due to competition of strain hardening 
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and thermal softening, which results from dynamic recovery and recrystallization. After 

deformation, the microstructure of martensitic phase changes as strain rate increases, for instance, 

the area of ordered martensite regions diminishes, while that area increases for austenitic phase. 

The phase transformation of both martensitic and austenitic phases is independent of the strain rate 

regardless of the temperature. Furthermore, the preferred crystal plane of martensitic phase has 

changed from (111̅)M before compression to (111)M after compression while the preferred plane 

remains the same for austenitic phase before and after compression. Additionally, dynamic 

recovery and recrystallization have also been observed after austenitic phase deformed at 373K. 

6.2 Future Work 

A fair amount of further work is still needed to fully understand the deformation 

mechanism of NiTi SMAs under high strain rate loading conditions and the influence of the 

deformation on the function of NiTi SMAs, which will facilitate the application of NiTi SMAs in 

seismic damping devices and energy-absorbing elements on bridge and building. Some 

recommendations for future work are listed below: 

1. It is well known that martensitic NiTi SMAs have a high damping capacity [1].

Martensitic NiTi SMA can be the potential candidate for the applications as energy-absorbing and 

seismic damping devices to suppress harmful vibration and dissipate extra energy. It’s important 

to study the damping characteristics (internal friction/damping) of martensitic NiTi SMAs. 

2. As shown by the XRD results in this present work, the preferred crystal plane changed

before and after high strain rate compression and dynamic recovery was observed under high strain 

rate compression at 373 K. Preferred orientation and grain size distribution before and after high 
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strain rate compression can be measured and calculate statistically by the advanced 

characterization techniques like Electron backscatter diffraction (EBSD). 

3. For the potential applications of NiTi SMAs, the deformation temperature should be

extended to higher temperature (above 373 K) under high strain rate and the related microstructure, 

phase transformation and crystal structure changes should be examined after deformation. 

4. Texture and phase evolution of NiTi SMAs under high strain rate deformation can be

realized by using synchrotron X-rays simultaneously when the samples are loaded by Kolsky 

compression /tension bars. 

5. Crystal structure and related lattice changes of NiTi SMAs after high strain rate

deformation and heat treatment can be found out by conducting XRD measurement with changing 

temperature. 
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APPENDIX 

DATA ANALYSIS PROCEDURES AND MATLAB CODE 



138 

Data analysis procedures and Matlab code for calculating stress strain curve from Oscilloscope 

signals. 

%read data from .csv files%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

aa=csvread('filename_Ch1.csv');%take the data out from .CSV file% 

bb=csvread('filename_Ch1.csv'); 

%extract data from CH1 & 

CH2%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

Vio=mean(aa(1:2400,2));%baseline value% 

I=aa(2499:3499,:);%take the incident signal out% 

R=aa(6682:7682,:);%take the reflective signal out% 

Ti1=I(:,1)+4.1833e-4;%shitf the incident signal to the incident bar end% 

Tr1=R(:,1)-4.1833e-4;%shitf the refelctive signal to the incident bar end% 

Vi=I(:,2)-Vio;%subtract the baseline% 

Vr=R(:,2)-Vio;%subtract the baseline% 

Vto=mean(bb(1:4900,2));%baseline value% 

T=bb(4999:5999,:);%take the transmitted signal out% 

Tt1=T(:,1)-8.1806e-5;%shift the transmitted signal to the transmitted bar end% 

Vt=T(:,2)-Vto;%subtract the baseline% 

%calculation of stress and strain%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

Vin=28;% V input voltage 
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Gfi=2.08;% Gage factor of ressistor strain gage on steel incident bar 

As=0.25*pi*(0.25*25.4)^2;% (mm^2) cross section area of the specimen NEED TO BE 

CHECKED EVERYTIME !!! 

Ab=0.25*pi*(0.75*25.4)^2;% (mm^2) cross section area of the bars% 

Cb=4812e3;% (mm/s) wave speed in steel incident bar 

Ls=6.35;% (mm) Gauge Length of specimen   PAY ATTENTION TO THIS Gauge Length !!! 

Eb=1.95e5;% (MPa) Young's modulus of the steel bar% 

strain_rate=-(4*Cb/(Gfi*Ls*Vin))*Vr;%calculate strain rate% 

sum_Vr=0;  % initialize 

for i=1:1001 

    sum_Vr=sum_Vr+Vr(i,1); 

    strain(i,1)=-(4*Cb/(Gfi*Ls*Vin))*sum_Vr*2e-7;   % 2e-7 is the step size on x-axis,strain of 

specimen , M is time rate PAY ATTENTION TO IT !!! 

end 

stress=(Ab/As)*Eb*(2/(Vin*Gfi))*Vt;% MPa calculate stress% 

%plots%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

figure(1); 

plot(aa(:,1),aa(:,2),'black','linewidth',2);grid on; hold on; 

plot(bb(:,1),bb(:,2),'red','linewidth',2);grid on; 

ax= gca;%current axes% 

set(gca,'xtick',-5e-4:1e-4:1e-3);%set(gca,'XTick',xBegin:xIncrement:xEnd)% 

set(gca,'ytick',-0.04:0.01:0.04);%set(gca,'yTick',yBegin:yIncrement:yEnd)% 

ax.FontSize = 12; 

ax.TickDir = 'in'; 

ax.TickLength = [0.01,0.01]; 

ylabel('voltage(V)');xlabel('time(s)');title('CH1 and CH2'); 

legend('CH1','CH2','location','northeast');%plot CH1&CH2% 
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figure(2); 

plot(Ti1,Vi,'red','linewidth',2);grid on;hold on; 

plot(Tr1,Vr,'black','linewidth',2);grid on;hold on; 

plot(Tt1,Vt,'blue','linewidth',2);grid on; 

ax= gca;%current axes% 

set(gca,'xtick',-2e-4:1e-4:5e-4);%set(gca,'XTick',xBegin:xIncrement:xEnd)% 

set(gca,'ytick',-0.04:0.01:0.04);%set(gca,'yTick',yBegin:yIncrement:yEnd)% 

ax.FontSize = 12; 

ax.TickDir = 'in'; 

ax.TickLength = [0.01,0.01]; 

ylabel('voltage(V)');xlabel('time(s)');title('alignment of incident,reflective and transmitted 

signals'); 

legend('incident','reflective','transmitted','Location','northeast');%alignment of incident, reflective 

and transmitted signals% 

figure(3); 

plot(Ti1,strain_rate,'blue','linewidth',2);grid on;%plot strain rate Vs time% 

ax= gca;%current axes% 

set(gca,'xtick',-2e-4:1e-4:5e-4);%set(gca,'XTick',xBegin:xIncrement:xEnd)% 

set(gca,'ytick',0:200:2000);%set(gca,'yTick',yBegin:yIncrement:yEnd)% 

ax.FontSize = 12; 

ax.TickDir = 'in'; 

ax.TickLength = [0.01,0.01]; 

ylabel('strain rate (s^-1)');xlabel('time(s)');title('strain rate VS time'); 

legend('strain rate','Location','northeast');%alignment of incident, reflective and transmitted 

signals% 

figure(4); 

plot(Ti1,strain,'blue','linewidth',2);grid on;%plot strain Vs time% 
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ax= gca;%current axes% 

set(gca,'xtick',-2e-4:1e-4:5e-4);%set(gca,'XTick',xBegin:xIncrement:xEnd)% 

set(gca,'ytick',0:0.05:0.4);%set(gca,'yTick',yBegin:yIncrement:yEnd)% 

ax.FontSize = 12; 

ax.TickDir = 'in'; 

ax.TickLength = [0.01,0.01]; 

ylabel('strain');xlabel('time(s)');title('strain VS time'); 

legend('strain','Location','northeast');%alignment of incident, reflective and transmitted signals% 

figure(5); 

plot(strain,stress,'blue','linewidth',2);grid on; %plot stress strain curves% 

ax= gca;%current axes% 

set(gca,'xtick',0:0.05:0.25);%set(gca,'XTick',xBegin:xIncrement:xEnd)% 

set(gca,'ytick',0:500:2000);%set(gca,'yTick',yBegin:yIncrement:yEnd)% 

ax.FontSize = 12; 

ax.TickDir = 'in'; 

ax.TickLength = [0.01,0.01]; 

ylabel('stress (MPa)');xlabel('strain');title('stress VS strain'); 

legend('stress strain curve','Location','northeast');%alignment of incident, reflective and 

transmitted signals% 
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