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ABSTRACT: In recent years, shape memory alloys, especially NiTi, have received a great deal of
attention in industrial applications. Martensitic phase transformation in shape memory alloys is the most
important factor in their unique behavior. In this paper, the formation of stress-induced martensite phase
in the crack tip of superelastic NiTi (50.8% Ni) samples was investigated by using the digital image
correlation method. In particular, single edge cracked specimens were subjected to fatigue mechanical
loading, then the crack length and also displacement fields at the crack tip of specimens were measured
by the digital image correlation technique. Control of the crack length was performed using a high
magnification camera during the fatigue test. In the following, stress intensity factors were calculated
according to ASTM standard E647-15. Obtained results from the fracture analysis show that fatigue
threshold values are decreased with increasing the load ratio. In the present paper, for a load ratio of 0.05,
during the crack propagation, the fatigue threshold value is 17 MPa m'?, while stress intensity factor is
estimated about 35 MPa m'? before the final failure. Also, as a new method in observation of the phase
transformation, digital image correlation pictures indicated the formation of stress-induced martensite
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1. INTRODUCTION

In recent years, shape-memory alloys, especially
NiTi, have received a great deal of attention in industrial
applications. These alloys are a group of smart materials
that show a unique behavior compared to other engineering
alloys. From a macroscopic viewpoint, the special behavior
of Shape-Memory Alloys (SMA) can be investigated
according to two phenomena: namely, the shape memory
effect and the super-elasticity [1]. These features come from
a solid to solid reversible phase transformation between
austenite and martensite phases, in response to thermal and
mechanical loadings [2]. Basically, studies about the fracture
of SMAs include three groups: analytical investigations,
numerical studies and experimental researches to analyze
the fatigue and fracture responses under cyclic and quasi-
static conditions [3]. In the mentioned studies, determination
of the material resistance before the failure is the most
important subject. For this reason, as a critical parameter
in crack growth, determining the fracture toughness or the
stress intensity factor is an essential issue. Until now, a few
experimental investigations have been carried out to find
the fracture parameters of these alloys [4, 5]. In one of the
researches, McKelvey and Ritchie [4] investigated the fatigue
crack extension in super-elastic NiTi under plane strain
conditions. By using a disk-shaped compact-tension sample,
they determined the stress intensity factor of 30 MPa m'?
before the failure. Robertson et al. [5] performed fatigue-load
tests using a thin Compact Tension (CT) specimen in plane
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stress conditions. Their results showed a fracture toughness
value of 34 MPa m'? for super-elastic NiTi. In this paper, the
fatigue crack growth in a super-elastic NiTi was investigated
by using Digital Image Correlation (DIC) method.

2. METHODOLOGY

The specimens were prepared from a commercial super-
elastic NiTi sheet with thickness =0.5mm (50.8 at % Ni-
49.2 at % Ti, Type S, Memory, Germany). Fig. 1 indicates the
stress-strain response of the material obtained from a loading-
unloading cycle.
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Fig. 1. Stress-Strain response of the super-elastic alloy together
with measured thermo-mechanical characteristics
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DIC tests were carried out by using a reflection
microscope. In particular, based on the VIC-2D commercial
software, DIC analysis was performed to obtain the near
crack tip displacement and strain fields.

3. RESULTS AND DISCUSSION

Fig. 2 shows the propagation of the crack during the fatigue
loading after 5000, 15000 and 25000 cycles respectively.

The contour plot of displacement fields at the crack tip
was shown in Fig. 3. In particular, Fig. 3 shows the vertical
displacements at the crack tip, with a length ratio of (a/
w=0.6), obtained from DIC measurements.

Fig. 4 illustrates the variation of the crack growth rate
based on the stress intensity range for the load ratio of R=0.05
and R=0.5. Obtained results from the fracture analysis show
that fatigue threshold values are decreased with increasing
the load ratio (R). In the present paper, for a load ratio of
R=0.05, during the crack propagation, the fatigue threshold
value is AK =17 MPa m'?, while stress intensity factor is
estimated about 35 MPa m'? before the final failure. Finally,
Fig. 5 shows that the fracture was occurred after about 28000
cycles.

(a)

Fig. 2. Crack growth during fatigue loading after a) 5000,
b) 15000 and c) 25000 cycles.

292

4. CONCLUSIONS

In this paper, the fatigue crack growth in a superelastic NiTi
alloy was investigated by using DIC method. In particular,
using Single Edge Cracked (SEC) specimens under fatigue
mechanical loading, stress intensity factors were calculated
according to ASTM standard E647-15. Obtained results
indicated that the fatigue threshold values were decreased

vertical displacement contour, v
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Fig. 3. Vertical displacement fields at the crack tip obtained
from DIC method
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Fig. 4. Variation of the crack growth rate based on the stress
intensity range for load ratio of R=0.05 and R=0.5.
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Fig. 5. Crack length variations plotted as a function of fatigue
loading cycles for the maximum crack length and the effective
crack length.
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with increasing the load ratio (R). Also, as a new technique
in observation of the phase transformation, DIC analysis
showed the formation of stress-induced martensite at the
specimen crack tip.
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1200 Isothermal uniaxial stress-strain curve at T=288K
1100 |-
1000
o Transformation stresses
900 - A-M Start: 0,AM = 450 MPa
L A-M finish: oM = 490 MPa
— 800 M-A Start: a4 = 210 MPa
nﬂf i M-A finigh: o, MA= 170 MPa
E ?DC’ ~
1 =
- 60(} | Clausius-Clapayron constants
b. i A Gy =6 MPa/K
@® 500 o M: Cy'= & MPafK
E L 3 E Transformation strain
a-') 400 6=53%
L Elastic propertios
300 - Young's modulus A: E,= 68 GPa
L foung's modulus M: E,= 35 GPa
200 2 Poissoin's ratio A v, =0.3
i % Poissoin’s ralio M: v,=0.3
100
0 [ EEEE EPU RENPU DR B RS REU N S S R

o 1 2 3 4 5 6 7 8 9 10 11 12
Strain, &, [%]

o 5 35031 SilKage 3 (155 U ol o Sl ST 05— 35 Gl F S

Fig. 4. Stress-Strain response of the super-elastic alloy together with measured thermo-mechanical characteristics.

"



VWA B VSV Sloio TR Jlo D 5)lad OY 653 e pual CSilSin puoigen & 555

8
i R-=B19’ B2=R
6 -7.46 mJ/mg -4.94 mJ/mg :
i N . Cooling
4 B =
i ‘M.=.93_1°-c:“’°':=:‘_9-5°c R'='22‘2;6“§,‘=\63°C : \

Heat flow, Q, [mW]
)
I

e A=ISTE
1 \ A'JLS‘C
4 L \
B — \
- Heating \
6 -
8
10 - B19=B2 |
i 18.37 mJ/mg
12 1 i 1 1 ; 1 L 1

0 50 100

Temperature, T, [°C]

Sy g ST (O gy (milo )5 510505 0 JSis
Fig. S. DSC diagram of the super-elastic alloy.

Ot 5o o F a5 Sl Sl (b o | Sl s
A RS 9 AT R A RIS 6Lb4>)> 4 Jayfo 55)3 b.?dwa)l.:
Dol s 00 polal ;o Faog 4 AT 4eS les il o iuled
Ogo Loyl S5 0l ((Sd gloas iz ol )0 (59,8 b
All oo diges (5,105 )L sliwly g0
S5 Se ooy 0 odnl ds3g (25,5 ol (@) A JS
S5 Jsb s g PEIWEN Joloo ngps jlade sln aiges
ploes] Oledlbl Jdos bl aS aos o Giled |, (@w)= /%
Ryl r‘aL?Lm.:‘ 6‘)‘&).:).’5.@.: ] 0] Cewdy u.]l:u.?ué Ryl
Sob 4o &dly e e (Y/OXY) ojlasl 4y (glosgamms jo Loz
ool ISz ST as ol plaz g BB @SS .ol oo plxl S5
sl Jgaso lgo yo Sl 4l S alis 25 S sl gulS
SVl y g diges S5 Se ;0 39290 LS sbalace cpl Ll
95 de i ,S aSh cilodels 9925 dy Sy S s bl a
sl S5 S5 )3 15 5 Sl 5B s 4 bgnye 25,5 &y 5o
ol alie sl GB et 51 (LAU 155 lawe @je 0920
G o9 g by )l eolitwl b VAD Heus pl) a5 aib o
sloaiges [VF] sgume oladl ladllas (uiomas owl 0dpms, o]

03,5 95 1, S 5 S5 0 55 @355 69 ol 3 St 5

Smbesl (b 0 S5 Jeb JuS il sad osls plad £ JSs
adlgs pdy ol ((Sws
29 plmadl g lawg a5 () B (@) ¥V sla S

4)5.04 )o ASJ.! ..\.w) L Jaa.’]o f5LaS cdslodds 4...@3 ‘_,;Il....:uo

.
“
5

% . v"l '.'-' >

EDM LS. SEniis ey sy
A5 (5 l8 il SIS I JSite cigns S 5 S o F S
(S S G 9 (S S
Fig. 6. Specimen crack tip region, including EDM notch

and fatigue pre-crack.

vy



VYA E VWEY Slxis VYRR Jlo d 0)loud @Y 0553 S ool Sl puoigo &y

b iged SO S5 S ooy 0 2l laghie (S asss (a)
JBEP=AVNL Jobo Jlosl (g9, o oS (@/w) =215 Jobo s
Glo g pgal oogazme slul sl suls &l,1 4SS jo el a8 3
55 UK j0 A bl ooy oo (YIOXY) S35 Sg 0 &dly
Up) 390 lml> sla, gl 5o ol (@ly o ol paseiee
Sledbol o 51 aS aws co Gioled |y a5 0,90 4l blas  oles
sanlie a5 4555 jlen ailods] Cewss Sems pgai pleudl
bl g S5 YL bl slul> ol Sl )l LS 008 o

S S5 8 e (S5 Sl s 4 45 3l 925 S5 ol

S S A, mls F-Y
S5 oAby Fpop Reo/d g R=e/+0 ) b Cond puis il
ob‘édL&J\‘ Ji.a)oquwfoaJBu\mu»Ln‘f‘;.uo
BR=/-0 3l )b s (ol 8l b aS 50d o oaplice .ol 00
ko 3l s o381 b casliin i s o pd 00 guzme y0 AS
283 n ol Ve S e e I3 S oS
O Dol oo R=e/O B R=+/+0 31 )L cnd (]33l b as
lag L2olS AMPam'? 4\ Y MPa.m' I (AK,), ) Sws aibiw]
@ aiwly L8 plal oo el Y)Y MPam'” 4, YO MPam'? ;|
Al Ol 0,8 5ly 6l oygliie yaed A aBS o (53, (S
S5z 2 53 (ay) fee S5 Jsb sl il )l sl 4 S 5 Gl
Ol U8l a3 > g as > o 0 S5 b Sl a5 o oolasal
03game (ol p (Kiwd S5 ab, #5 1) IS Y] ssb
PP S5 sk s S5 b (n i S 93 Gln ) s Dad
Jlesl b a5 0,5 sanlie lgi oo 028 o Ginled =R <[+ )b cod

‘bﬁb‘n (d‘))‘uuwé)‘ﬁ)b)bg:fw)vﬂ
A5 > Ve () g 45 2 VDeer (O)

Db e (Rl (Sail S Bal o po polie Sae S ok Fig. 7. Crack growth during fatigue loading after
STl sleas > slass s> s S o) dores a) 5000, b) 15000 and c) 25000 cycles.
Sl S 50 Fge S Jsb g S5 Jsb (n i S g0 6l

olas | gm ol S oadl, Lulil 25,5 @98 (@) A JSi il
ablie 45 €555 e o) o ool LS VY UK o Revfey O 0 0rl Sk bl 5 g (DR S5

ol S 5 S5 0 S s 5550 355 oo caalie oS was oo

1 . Crack Closure 3,18 Lo sael s lis b g0l

VIVY



VWA B VY Cloxio AR Jlo o )laid DY 0,93 ¢yl Sl aodigen 4yt

¢
£
l
GLOBAL STRAIN
mm\t‘. '.‘.“
(&) 5)77

REEE

()

2O Gy oo (2) 5 (AIW)=4/8 S 5 Job i 9 PEIVe N b plp (095w jladio gl 555 Sgi 50 (55 oyl (K5 slagSII (1) :A sl
DAL g ol y asdllan oll 5 S 5 S5

Fig. 8(a). Contour plots of strain field at the crack tip at load of P =120 N and crack length ratio of (a/w) = 0.6 and (b).
strain field at the crack tip according to Robertson study [18].
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Fig. 10. Variation of crack growth rate based on stress intensity range for load ratio of R=0.05 and R=0.5.
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