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a b s t r a c t 

The free surface particle velocity of NiTi target shocked with a pulsed laser beam was measured with 

a photonic Doppler velocimetry (PDV) system to study the dynamic deformation behavior of NiTi alloys 

at ultra-high strain rate of 10 6 ∼10 7 /s. Through the analysis of the particle velocity profiles, the shock 

wave intensity was found to have the influence on the process of austenite-martensite transformation. 

Theoretical analysis of shock wave propagation showed that the first plateau in the velocity profile was 

caused by martensitic transformation and the second plateau if existing is caused by the subsequent plas- 

tic yielding of shock induced martensite. Residual martensite of the NiTi, which exhibited as needlelike 

structures, was observed in the laser shocked region. Based on the present results, and the studies by 

Nemat-Nasser et al. (2005), Liao et al. (2012), and Wang et al. (2013), we concluded that laser induced 

shock can cause the martensitic transformation as long as the laser induced shock pressure reaches a 

critical value. The dynamic transition stress and the dynamic tensile strength of NiTi alloys were also 

determined from the experimentally measured surface velocity profile. 

© 2017 Elsevier Ltd. All rights reserved. 
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. Introduction 

As one of the most popular active materials, NiTi shape mem-

ry alloys (SMAs) have been widely used in medical and struc-

ural applications due to their unique properties such as shape

emory and superelastic effects ( Otsuka and Wayman, 1999 ). Both

f the two characteristics are related to the phase transforma-

ion between the high temperature phase with CsCl structure (B2)

nd the low temperature phase with monoclinic structure (B19’)

 Otsuka and Ren, 2005 ). It is well known that martensitic trans-

ormation can be induced by temperature and stress. Martensitic

ransformation is also sensitive to the strain rate ( Nemat-Nasser

nd Choi, 2005; Nemat-Nasser et al., 2005 ). Laser induced shock

s a newly developed method to deform the metallic material at

ltra-high strain rates ( Ding and Ye, 2006; Lin et al., 2015; Mon-

ross et al., 2002; Peyre and Fabbro, 1995 ). In the laser shock pro-

ess, a shock wave with high amplitude and short duration is gen-

rated through rapid expansion of high-temperature plasma in-

uced by the interaction of a pulsed high-intensity laser beam

nd an absorption layer on the metallic target surface. If the am-

litude of the laser induced shock pressure exceeds the Hugoniot
∗ Corresponding author. Tel./fax: +86 10 51683195. 
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lastic limit (HEL) of the material, plastic deformation occurs and

ense of dislocations are generated, resulting in residual compres-

ive stress near the surface of target material. The induced peak

ressure can reach a level of several GPa and the pressure du-

ation is at the nanosecond time scale. Thus the strain rate dur-

ng the laser shock process can be as high as 10 6 ∼10 7 /s. Using

aser induced shock loading, Liao et al. (2012) observed resid-

al deformation induced martensite in the shocked region of an

ustenite NiTi alloy, which indicated that martensitic transforma-

ion occurred at ultra-high strain rate (10 6 ∼10 7 /s). The study by

ang et al. (2013) showed that there was amorphization near the

aser shock treated surface in an austenite NiTi target and no resid-

al martensite was observed. This indicates that the existing lit-

rature on ultra-high strain rate behavior of NiTi alloys has con-

roversy. Although the results of the aforementioned studies pro-

ide some important information on the microstructure evolution

or NiTi alloys after laser induced shock, the dynamic behavior of

iTi alloys during the shock loading remains unclear. The ultra-

igh strain rate response of NiTi alloys needs more in-situ experi-

ental investigation to clarify those issues. 

The investigation of dynamic behavior of material under laser

nduced shock needs a better understanding of the shock wave

ropagation and the dynamic response of target materials. The tar-

et material deforms under high pressure and ultra-high strain rate

http://dx.doi.org/10.1016/j.mechmat.2017.06.009
http://www.ScienceDirect.com
http://www.elsevier.com/locate/mechmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mechmat.2017.06.009&domain=pdf
mailto:wangxi@bjtu.edu.cn
http://dx.doi.org/10.1016/j.mechmat.2017.06.009
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Fig. 1. Differential scanning calorimetery (DSC) curves of as-received NiTi alloy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. The schematic of laser shock experiment. 

Fig. 3. Configuration of the PDV system. 
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during laser induced shock loading and in-situ shock diagnostic

techniques with high time resolution are required. Recently de-

veloped photonic Doppler velocimetry (PDV) technique has been

widely used for tracking fast-changing velocity on short time scales

and becomes a promising diagnostics for shock physics experi-

ments ( Dolan, 2010; Dolan and Jones, 2007; Strand et al., 2006 ).

The particle velocity at the back free surface contains a lot of in-

formation about the wave propagation and dynamic response of

target materials. Using the wave theory, the characteristics of dy-

namic mechanical response of austenite NiTi alloy, such as flow

stress, dynamic transition stress, and dynamic tensile strength, can

be determined from the measured surface velocity. 

In this paper, we report an in-situ study of the dynamic behav-

ior of NiTi alloys under laser induced shock using the PDV tech-

nique. By analyzing the measured particle velocity at the back free

surface, we concluded that martensitic transformation can be trig-

gered during the laser induced shock loading if the peak pressure

reaches a critical peak pressure. The dynamic transition stress and

the dynamic tensile strength of the NiTi alloys were also obtained

from the PDV measurement results. 

2. Experimental procedures 

2.1. Materials 

The NiTi materials used in this study were purchased from

GEE Shape Memory Alloy Inc. (Beijing, China), with the nominal

composition of Ni-50.9% and Ti-49.1% (at. %). Differential scan-

ning calorimetery (DSC, Perkin Elmer Diamond system) was carried

out between 223 K and 323 K with a heating and cooling rate of

10 K/min to determine the transformation temperatures. As shown

in Fig. 1 , the austenite start ( A s ) and finish temperature ( A f ) were

277 K and 286 K, respectively, while the martensite start ( M s ) and

finish temperature ( M f ) were 285 K and 274 K, respectively. Thus

the as-received NiTi alloy is in austenite phase and exhibits su-

perelastic behavior under stress at room temperature ( Otsuka and

Wayman, 1999 ). The NiTi sheets were cut into disks with the diam-

eter of 10 mm and thickness of about 1 mm. Before the laser shock

experiments, the shocked surface of the targets was ground using

a sequence of increasing grit sandpaper followed by a final polish-

ing process with 50 nm SiO 2 suspension liquid, while the back free

surface was ground by 400 grit sandpaper to enhance the signal-

noise ratio of PDV measurement ( Wu et al., 2014 ). 
.2. Laser shock experiment 

Fig. 2 shows the schematic of the laser shock experiments. The

hocked surface of each target was firstly covered with a 40 μm

hick aluminum foil as an absorption layer, and then confined with

 4 mm thick BK7 glass against the laser irradiation. The BK7 glass

s fully clamped with the target by a specially designed fixture.

he laser pulse was delivered by a Q-switched Nd: YAG pulse laser

Spectra Physics-Quanta Ray) with a wavelength of 1064 nm. The

nergy of single laser pulse is about 2.4 J and the pulse duration

full width at half maximum, FWHM) is approximately 10 ns. A fo-

using lens was used to adjust the beam diameter to obtain vari-

us laser power densities. The laser power densities irradiated at

he target surface varied from 2.6 GW/cm 

2 to 4.4 GW/cm 

2 in this

tudy. 

.3. PDV system 

During the pulse laser irradiation, the particle velocity of the

arget back free surface was measured simultaneously with a PDV

ystem as illustrated in Fig. 3 . The construction of the PDV sys-

em can be found elsewhere ( Jensen et al., 2007; Song et al., 2012;

u et al., 2014 ). When the laser travels through the circulator, a

ortion of light is reflected, acting as the reference light with the

riginal frequency, f 0 . The other portion of light irradiates the mov-

ng target surface and Doppler frequency shift will be generated

ue to the Doppler effect. Both the reference light with original

requency, f 0 , and the signal light with Doppler-shifted frequency,

 b , are collected with the detector. A detecting system with a high

andwidth is used to record the difference in the two frequencies,

.e., the beat frequency, f̄ b (t) . The velocity of the moving target sur-

ace can be obtained as 

 (t) = 

λ0 

2 

f̄ b (t) (1)

here λ is the original wavelength of the incident laser. 
0 
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Fig. 4. Interference fringes measured by the PDV system and corresponding back 

free surface velocity profile for laser power density 3.4 GW/cm 

2 . 
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Fig. 5. Velocity profile of NiTi target at different laser power density. 
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.4. Microstructure characterization 

Optical microscopy (55XA, Shanghai, China) was used to charac-

erize the microstructure of the shocked surface after laser shock

rocess. 

. Results and discussion 

.1. Martensitic transformation behavior 

.1.1. PDV results 

The typical heterodyne fringe measured at the back free surface

f shocked NiTi target material with the PDV system and the calcu-

ated surface particle velocity are shown in Fig. 4 . The laser power

ensity for this test is 3.4 GW/cm 

2 . According to the measurement

rinciple of the PDV ( Jensen et al., 2007; Wu et al., 2014 ), the in-

tantaneous velocity is proportional to the heterodyne frequency,

f̄ b (t) . Thus the density of heterodyne fringes indicates the magni-

ude of the particle velocity. It is to be noted that the amplitude

f the heterodyne fringes changes with time, which is ascribed to

he PDV measurement principle that both the frequency and the

mplitude of the beat fringes are functions of particle velocities

 Jensen et al., 2007; Wu et al., 2014 ). At about 159 ns, the parti-

le velocity begins to increase, indicating the elastic wave reaches

he back free surface at this time. At 162 ns, there exists a velocity

lateau ( u tr ) at a level of 121.5 m/s. With further loading, another

elocity plateau ( u pl ) at a level of 277.8 m/s was observed at about

75 ns. At about 187 ns, the surface particle velocity reaches the

eak value of about 348.6 m/s, indicating that the first shock wave

eaches the back surface. It is interesting to note that the parti-

le velocity profile shows two plateaus during the shock loading,

hich is quite different from that of plastically deformed metallic

aterials ( Song et al., 2012; Wu et al., 2011 ). With the decreasing

f shock pressure, the NiTi material is unloaded by release waves

nd the surface particle velocity begins to decrease. During the un-

oading, spallation could happen if the tensile stress exceeds the

ynamic tensile strength of the material. As shown in Fig. 4 , the

urface particle velocity starts to rise again at about 206 ns indi-

ating a spallation beneath the back surface of the target material

or this laser power density. 

Experiments were conducted at three different laser power

ensities and the free surface particle velocity results are shown

n Fig. 5 . The free surface velocity profile of specimen treated

ith laser power density 3.4 or 4.4 GW/cm 

2 shows two velocity

lateau during laser induced shock loading and spallation during

he unloading, while the one treated with laser power density

.6 GW/cm 

2 has only one velocity plateau and no spallation. 
The experimental parameters, measured quantities, and calcu-

ated quantities are summarized in Table 1 . The sample thickness

 L ), and the laser power density ( I 0 ) are shown in columns 2–3, re-

pectively. The time of elastic wave arriving at the back free surface

 �t ) is listed in column 4. The elastic longitudinal sound speed

 C e 
L 
) was obtained by dividing the sample thickness with the ar-

iving time of elastic wave and is listed in column 5. The aver-

ge elastic longitudinal sound speed for all three tests is estimated

o be 4.95 km/ s. The first velocity plateau ( u tr ), the second veloc-

ty plateau ( u pl ), and the maximum particle velocity ( u m 

) obtained

rom the free surface particle velocity profiles in Fig. 5 are listed

n columns 6–8, respectively. The pull-back velocity ( �u ), defined

s the difference between the maximum particle velocity and the

inimum particle velocity of the spallation signal, as indicated in

ig. 5 , is shown in columns 9. The pull-back velocity ( �u ) is used

o calculate the dynamic tensile strength of the material, and will

e discussed in detail later. The peak pressures ( p m 

) induced by

aser pulse for different laser power densities are given in col-

mn 10. The peak pressure was estimated by the Fabbro’s model

 Fabbro et al., 1990 ), 

p m 

( GP a ) = 0 . 01 

√ 

α/ (2 α + 3) 
√ 

Z(g c m 

−2 s −1 ) 
√ 

I 0 (GW c m 

−2 ) (2) 

here α is the fraction of absorbed energy contributed

y the thermal energy ( α = 0.25), I 0 is the laser power

ensity and Z ( 2 /Z = 1 / Z 1 + 1 / Z 2 ) is the reduced shock

mpedance between the confining layer (BK-7, shock impedance

.44 × 10 6 g cm 

−2 s −1 ) and the absorption material (Al, shock

mpedance 1.47 × 10 6 g cm 

−2 s −1 ). The shock pressure transmit-

ed into the NiTi material is enlarged due to the impedance

ismatch between the target material (NiTi, shock impedance

.44 × 10 6 g cm 

−2 s −1 ) and the absorption material ( Millett and

ourne, 2004 ). The peak pressure generated by laser induced

hock varies from 7.5 to 10.0 GPa for laser power densities from

.6 to 4.4 GW/cm 

2 . 

.1.2. Microstructure 

After the laser shock experiment, the laser irradiated surface of

he shocked specimen was examined with optical microscope and

he micrographs are shown in Fig. 6 . It can be seen that the spec-

men treated with laser power density 2.6 GW/cm 

2 did not show

ny obvious feature of deformation and the shocked surface was

s smooth as the untreated specimen as shown in Fig. 6 (a)–(b).

n contrast, dense of needlelike structures of deformation induced

artensites were introduced in the shocked region for specimen

reated with laser power density 3.4 and 4.4 GW/cm 

2 as shown in

ig. 6 (c) and (e). The higher magnification micrographs taken from

he circled regions in Fig. 6 (c) and (e) are shown in Fig. 6 (d) and
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Table 1 

Relevant experimental parameters and calculated quantities. 

No. L (mm) I 0 (GW/cm 

2 ) �t (μs) C e L (mm/μs) u tr (m/s) u pl (m/s) u m (m/s) �u (m/s) p m (GPa) σ AM,dyn 
s (MPa) σ b (GPa) 

Test-1 0 .89 2 .6 0 .180 4 .94 150 .2 – 206 .8 – 7 .5 1217 –

Test-2 0 .78 3 .4 0 .159 4 .91 121 .5 277 .8 348 .6 204 .8 8 .6 984 2 .66 

Test-3 0 .99 4 .4 0 .198 5 .00 149 .1 350 .3 403 .4 230 .8 10 .0 1208 3 .00 
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f

(f), respectively, to reveal the detailed microstructures of needlelike

martensites. 

3.1.3. Analysis 

The dynamic behavior of NiTi alloys is sensitive to strain

rates, and whether martensitic transformation happens at ultra-

high strain rates of 10 6 ∼10 7 /s is not clear. Based on the Hopkinson

bar tests, Nemat-Nasser et al. (2005) reported martensitic transfor-

mation would not occur if the strain rate was higher than a critical

strain rate of about 10 4 /s. Liao et al. (2012) obtained the evidence

of martensitic transformation during laser shock process using the

TEM and XRD characterizations of postmortem specimen. Our pre-

vious study showed that there is only amorphization near the laser

shock treated surface in an austenite NiTi target and no residual

martensite was observed ( Wang et al., 2013 ). In the present study,

the microscopic observation of shocked region showed the evi-

dence of residual martensites for laser power density 3.4 GW/cm 

2 

and 4.4 GW/cm 

2 but no any sign of residual martensites for laser

power density 2.6 GW/cm 

2 (see Fig. 6 ). Correspondingly, the mea-

sured free surface particle velocity profiles showed the difference

in terms of the number of velocity plateau (see Fig. 5 ). That means

the measured in-situ wave propagation behavior, i.e. the free sur-

face particle velocity profile, can be related to dynamic deforma-

tion behavior of NiTi alloys under laser shock loading. 

According to the studies by Song et al. (2012) and

Wu et al. (2011) , for typical plastically deformed metals such

as aluminum alloys, there is only one plateau in the rising period

of particle velocity due to the elastic precursor wave. The wave

propagation in phase change material is quite different from the

traditional plastically deformed material. Jensen et al. (2009) used

a velocity interferometer (VISAR) to measure the particle velocity

of iron during plate impact experiments. The results showed two

plateaus during the rising period of the particle velocity, providing

the evidence that iron transformed from the alpha (bcc) phase to

the epsilon (hcp) phase when the compressed pressure was higher

than 13 GPa. Jensen et al. (2009) explained that the appearance of

two plateaus was the result of formed three-wave structure in the

shocked material, consisting of an elastic wave, a P1 wave (plastic

wave), and a P2 wave (phase transforming wave). Similarly, our

results of two plateaus in velocity profile as shown in Figs. 4 and

5 is also caused by a three-wave structure but it will be shown

below that the sequence of the three-wave structure of NiTi alloy

in the present study is different from that of iron. 

When the shock wave propagates in the phase change material

and plastically deformed metallic material, different characteristics

will be shown in the back free surface particle velocities. Here a

simplified theoretical analysis of wave propagation in phase change

material is given. Since the spatial domain of laser is nearly flat

and the focal diameter of laser beam (3.0 ∼4.0 mm) is large enough

compared to the thickness of the NiTi alloy target ( ∼1.0 mm), the

loading status of the target material can be approximately consid-

ered as uniaxial strain condition. The constitutive model of NiTi

SMAs is shown in Fig. 7 ( Otsuka and Ren, 2005; Otsuka and Way-

man, 1999; Wang et al., 2013 ). For an austenite NiTi alloy, phase

transformation from austenite to martensite occurs when the ap-

plied stress reaches the phase transition stress ( σ AM 

s ). Elastic de-

formation of the induced martensite occurs during further loading

until the loading stress reaches the yield stress of the martensite
 σ M 

y ). During unloading, the material responds elastically until the

tress reaches the transition stress of reverse transformation ( σ MA 
s ).

he recovered austensite deforms elastically with further unload-

ng. 

During unloading, the elastic wave, the plastic wave, the re-

erse transformation wave, and the release wave interact with each

ther. Thus it is difficult to obtain a theoretical solution for un-

oading process. Here, only the wave propagating behavior and

ree surface particle velocity profile during loading are analyzed.

s shown in Fig. 8 , when the laser induced shock waves inter-

ct with SMAs, austenite elastic wave propagates into the target.

ransformation wave will be generated when the applied stress

eaches the phase transition stress of martensitic transformation,
AM 

s . When the applied stress exceeds the finish stress of marten-

itic transformation, the austenite to martensite transformation is

nished and the material is in fully martensite phase. Martensite

lastic wave is then generated with continuous loading. As the

artensite elastic wave speed is faster than the transformation

ave speed, the martensite elastic wave will catch up and inter-

ct with the transformation wave. According to Dai et al. (2004) ,

he interaction between martensite elastic wave and phase trans-

ormation wave can yield complex wave patterns in x-t diagram,

here the slope will increase slowly and consequently result in

he first plateau, denoted as u tr , of the back free surface veloc-

ty history as depicted in Fig. 8 . When the applied stress reaches

he yield stress of the martensite σ M 

y , plastic wave is generated

nd propagates into the target. Another plateau, denoted as u pl as

hown in Fig. 8 , will appear due to the speed difference between

he martensite elastic wave and martensite plastic wave. When the

pplied load reaches its peak, p m 

, the free surface particle veloc-

ty will also reach its maximum value, denoted as u m 

. According

o the analysis, for phase change materials like NiTi SMAs, there

ill be two velocity plateaus in the rising period of free surface

article velocity corresponding to the martensitic transformation

nd plastic deformation of martensite, respectively. Note that there

ight be another reason leading to the formation of two plateaus

uring the rising period of free surface particle velocity for some

etals with high enough elastic precursor. In this scenario, the

rst plateau is caused by an elastic precursor wave because of the

lasticity of material, and the second plateau is caused by inter-

ction between the reflection of the elastic wave (elastic precur-

or) from the back free surface and the plastic wave induced by

he loading. Using moving window molecular dynamics simulation,

hakhovsky et al. (2012) reported a two-zone elastic-plastic shock

ave structure for materials with high elastic wave amplitudes, re-

ulting in two velocity plateaus in the particle velocity profile dur-

ng loading. Note that if the two-zone, elastic-plastic shock wave

tructure forms in the NiTi, the deformation mechanism should be

irect dislocation-induced plastic slip of austenite of NiTi. In that

ase, no residual martensite will be seen after laser shock pro-

ess. However, the residual martensites were clearly observed in

hocked region as shown in Fig. 6 . Therefore, the three-wave struc-

ure of NiTi SMAs during laser shock process consists of an elastic

ave, a transformation wave, and a plastic wave as discussed in

ig. 8 . 

As shown in Fig. 5 , there is only one plateau in the free sur-

ace particle velocity profile for laser power density 2.6 GW/cm 

2 
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Fig. 6. Optical micrographs of the laser shocked surface. (a)–(b) 2.6 GW/cm 

2 . (c)–(d) 3.4 GW/cm 

2 . (e)–(f) 4.4 GW/cm 

2 . 
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the corresponding peak pressure is 7.5 GPa). The optical observa-

ion of shocked surface shows no any residual martensites and also

o any features of residual deformation which indicates no plas-

ic deformation of NiTi (see Fig. 6 a–b). When the peak pressure

s higher than the martensite transition stress but lower than the

ield stress of martensite, martensitic transformation occurs dur-

ng loading, while no plasticity of martensite happens. During un-

oading, the transformation deformation is completely recovered

ue to the superelastic effect of NiTi SMAs. As a result, the dy-

amic deformation is fully recovered and no residual deformation

f NiTi is induced after laser shock process. Thus the deforma-

ion mechanism is mainly martensitic transformation for the speci-
en treated with laser power density 2.6 GW/cm 

2 . From this point,

he deformation mechanism depends on the laser power density,

.g. the peak pressure of laser induced shock wave. According to

ang et al. (2013) , no residual deformation induced martensite

as observed in the same NiTi alloy material during the laser

hock process while using water as the confining overlay, where

he peak pressure of laser induced shock wave varied from 3.9 to

.5 GPa, and the deformation mechanism was controlled mainly by

he dislocation-induced plastic slip of austenite and amorphization.

herefore, it could be concluded that there exists a critical pressure

o induce martensitic transformation under laser induced shock.

he critical peak pressure is in the range of 4.5 GPa to 7.5 GPa.



74 X. Wang et al. / Mechanics of Materials 114 (2017) 69–75 

Fig. 7. The constitutive model of NiTi SMAs. 

Fig. 8. Shock wave propagation analysis and resulted free surface velocity profile of 

SMAs in laser shock process. 
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Since the shock pressure was only at the level of 2 GPa in the

study of Nemat-Nasser et al. (2005) , which was much lower than

the critical peak pressure, the austenite phase deforms by direct

dislocation-induced plastic slip instead of transforming to marten-

site. In addition, the peak pressure was as high as 7.8 GPa in the

study of Liao et al. (2012) , therefore the martensitic transforma-

tion occurred at ultra-high strain rate and residual martensites was

observed in the postmortem specimen. Our results reveal the ex-

istence of critical peak pressure in dynamic behavior of NiTi alloys

and clarify the controversy in the literature. More experiments will

be conducted to determine this critical peak pressure more accu-

rately in the future. 

3.2. Dynamic transition stress 

The dynamic transition stress ( σ AM,dyn 
s ) can be calculated from

the first plateau in particle velocity profile ( u tr ) as shown in col-

umn 11 of Table 1 . According to the Rankin-Hugoniot relations

( Meyers, 1994 ), for an infinite thick target in the uniaxial strain

state, the compressive shock pressure, p , can be written as 

p = ρ0 C 
e 
L u , p < HEL (3)

where ρ0 = 6 . 45 g/ cm 

3 is the NiTi material density, C e 
L 

is the elastic

longitudinal sound speed ( C e 
L 
= 4.95 km/s determined in this study),

and u is the particle velocity and equal to one half of the measured

surface velocity. HEL is the Hugoniot elastic limit and can be cal-
ulated as, 

EL = ρ0 C 
e 
L 

u tr 

2 

(4)

As the martensitic transformation is often described by the gen-

ralized plasticity theory ( Bouvet et al., 2004; Kan et al., 2010;

ubliner and Auricchio, 1996 ), the behavior of martensitic transfor-

ation is similar to the plasticity of materials. So the conception

f HEL is also used during the martensitic transformation process.

n this way, transition stress of phase change materials is equiva-

ent to the yield stress of plastically deformed metallic materials.

ccording to Johnson and Rhode (1971 ), HEL is proportional to the

ynamic yield strength of the material. Thus, for phase change ma-

erials, the dynamic transition stress ( σ AM,dyn 
s ) can be expressed as,

EL = 

1 − ν

1 − 2 ν
σ AM,dyn 

s (5)

here ν = 0.33 is the Poisson’s ratio. Combining Eqs. (4) and (5) ,

he σ AM,dyn 
s can be calculated through u tr . 

The dynamic transition stress ( σ AM,dyn 
s ) is shown in column

1 of Table 1 . The dynamic transition stress ( σ AM,dyn 
s ) can be

s high as 1.0 GPa under the laser induced shock loading where

he strain rate is in the range of 10 6 /s to 10 7 /s. Our previous

ork ( Wang et al., 2013 ) showed that the transition stress is only

56 MPa at a strain rate of 4 × 10 −3 /s, which is much lower than

he dynamic transition stress at ultra-high strain rate. 

.3. Dynamic tensile strength 

For experiments under higher peak pressure, spallation was

bserved due to the interaction between the tensile waves re-

ected from the free surface and the release waves in the target

see Fig. 5 ). No spallation behavior was observed in the specimen

hocked at laser power density 2.6 GW/cm 

2 where the peak pres-

ure is estimated to be 7.5 GPa. When the shock peak pressure is

ow, the tension stress induced by the interaction of the release

aves was insufficient to exceed the dynamic tensile strength of

he NiTi alloy. Therefore a threshold peak pressure in the range of

.5 GPa–8.6 GPa is required to induce spallation in the NiTi mate-

ial. The dynamic tensile strength ( σ b ) can be obtained from the

article velocity profile at the free surface ( Antoun et al., 2003;

avison et al., 1998 ), 

b = 

1 

2 

ρ0 C b �u (6)

here �u is the pull-back velocity, defined as the difference be-

ween the maximum velocity and the minimum velocity of the

pallation signal, and C b is the body wave speed. The body wave

peed C b can be calculated by the elastic longitudinal sound speed

 C e 
L 
) and the Poisson’s ratio ν . For uniaxial strain state, the elastic

ongitudinal sound speed C e 
L 

and body wave speed C b can be ex-

ressed as ( Meyers, 1994 ), 

 

e 
L = 

√ 

(1 − ν) E 

(1 + ν)(1 − 2 ν) ρ0 

(7)

 b = 

√ 

E 

3(1 − 2 ν) ρ0 

(8)

here E is the Young’s modulus and ρ0 is the material density.

omparing Eqs. (7) and (8) , C b can be expressed as, 

 b = 

√ 

1 + ν

3(1 − ν) 
C e L (9)

Using the experimentally determined C e 
L 

in this study, C b is de-

ermined to be 4.03 km/s. Consequently, the values of dynamic ten-

ile strength ( σ b ) are determined using Eq. (6) and listed in col-

mn 12 of Table 1 . 
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The spallation strength ( σ b ) is determined to be 2.7 GPa for

eak pressure 8.6 GPa and 3.0 GPa for peak pressure 10.0 GPa re-

pectively. The determined spallation strength is close to the value

2.3 ± 0.1 GPa) determined by Meziere et al. (2006) with plate im-

act experiment if considering the uncertainty in laser shock ex-

eriment and the possible difference in terms of microstructure. 

. Conclusion 

In this study, the dynamic deformation behavior of NiTi al-

oys under laser induced shock (strain rate 10 6 ∼10 7 /s) was in-

estigated. The free surface velocity of NiTi target shocked with

 pulsed laser beam was measured with a PDV system. Experi-

ental results showed that the characteristics of surface veloc-

ty, i.e. the number of velocity plateau, depended on the laser

ower density. Theoretical analysis of wave propagation in phase

hange material indicated that the two velocity plateaus corre-

pond to martensitic transformation and subsequent plastic yield-

ng of martensite phase, respectively. Based on present results, and

he studies by Nemat-Nasser et al. (2005), Liao et al. (2012) , and

ang et al. (2013) we concluded that there exists a critical peak

ressure between 4.5 GPa and 7.5 GPa for the NiTi alloy to induce

artensitic transformation at ultra-high strain rate of 10 6 ∼10 7 /s

uring laser induced shock. Also, at this ultra-high strain rate, the

ynamic transition stress of the NiTi alloy is as high as 1.0 GPa,

hich is much higher than that obtained at quasi-static load-

ng condition. Moreover, a peak pressure in the range of 7.5 GPa–

.6 GPa is required to create the spallation in the NiTi alloy at this

ltra-high strain rate. The dynamic tensile strength of the NiTi al-

oy was determined to be 2.85 GPa in average, slightly higher than

he value determined with plate impact experiments in the litera-

ure. 
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