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6 % Pre-strain

Nisg g Tize, Wire 0.22 mm Diameter 4 % Pre-strain

Mean Strain 2%
Test Temperature 37°C

Number of Cycles to Failure (Nf)
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Schaffer, J.E., “Mechanical Conditioning of Superelastic Nitinol
Wire for Improved Fatigue Resistance”, Journal of ASTM

International, Vol. 7, No. 5
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Determine whether residual stresses are the primary

mechanism for durability improvement in Nitinol
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Localized yielding from a surface notch or from a multi-

axial stress state (Bending, Torsion etc.)
Microstructural inhomgeneities (Presence of inclusions)

Grain orientation in a poly-crystalline material
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Computational Modeling of Residual Stresses under
Bending load (diamond specimens)

Presence of inclusions (tension specimens)

Test Results of Pre-strain Diamond Study
Test Methodology
Baseline without pre-strain on diamonds
Effect of tensile pre-strain on fatigue life

Effect of compressive pre-strain on fatigue life

Role of superelasticity in residual stresses
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Diamonds were designed to achieve high pre-strains.

Only the extrados location of the diamond was focused to achieve the

desired stress/strain state.

Extra«los

//“ e
/f;-/
T
; I +—
X 51\
2 SN
ol / Extrados

1APE MEMORY Al



S, Max. Principal {Abs)

[Average-compute)
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00

Y ODB: NDC-53-07600-R2-precompress-3%-01.odb Abagus/Standard 3DEXPERIENCE R2016x HotFix 4 Tue Jan 17 17:21:18 Pacific Standard Time 20;

Z Step: compress
Increment  O:Step Time = 0.000

X Primary Var: §, Max. Principal {Abs)
Deformed Var: U Deformation Scale Factor: +1.000e400
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S, Max. Principal {Abs)

[Average-compute)
+1.214e+03
+1.026e+03
+8.381e+02
+6.502e+02
+4.623e+02
+2.744e+02
+3.647e+01
-1.014e+02
-2.893e+02
-4.773e+02
-6.652e+02
-8.531e+02
-1.041e+03

Extrados
(Tensile stress)

Y ODB: NDC-53-07600-R2-precompress-3%-01.odb Abagus/Standard=BEXPERIENCE R2016x HotFix 4 Tuelan 17 17:21:18 Pacific Standard Time 20;

Z Step: compress
Increment  33:StepTime=1.000
X Primary Var: §, Max. Principal {Abs)

Deformed Var: U Deformation Scale Factor: +1.000e400




S, Max. Principal {Abs) : .

[Average-compute) 8 ——

+3.949e+01
+2.13%e+01
+3.284e+00
-1.482e+01
-3.292e+01
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-6.913e+01
-8.724e+01
-1.053e+02
-1.234e+02
-1.415e+02
-1.597e+02
-1.778e+02

Extrados
(Compressive
/ Residual Stress)

ODB: NDC-53-07600-R2-precompress-9%-01.odb Abagus/Standarg XPERIENCE R2016x HotFix 4 Tuelan 17 17:21:18 Pacific Standard Time 20:

Step: deploy

Increment 1538: Step Time= 1.000

Primary Var: §, Max. Principal {Abs)

Deformed Var: U Deformation Scale Factor: +1.000e+00




StreHss (MPa)
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S, Max. Principal (Abs)
{Average-compute)
+0.000e+00

+0.0002100
+0.000e+00

+0.000e+00
Max: +0.000e+0!

0
Node: NDC-53-07600-R2-EXPANDED-1.1
Min: +0.000e:

+00
Node: NDC-53-07600-R2-EXPANDED-1.1

p Tirm
. Max. Principal g,m
Var U Deformation Scale Factor: +1.000e+00

S, Max. Principal {Abs}

[Average-compute)
+2.9492101
+2.139a401

compress-9%-01 odb  Abaqus/$tandard 3DEXPERIENCE R2016x HotFix d Ty

1500

1000

500 Crimping

-5.103e+01
-6.913e401

Compressive
-1.415e+02
-1.587e+02
1.778e+02
Max: 43.949e+0

1
Node: NDC-53-07600-R2-EXPANDED-1 6769
Min: -1.778e+02

Node: NDC-53-07600-R2-EXPANDED-1.9840

-

-5%-01.0db

:NDG-SS-DTSOO:RZ/- Ecompr
Step: deploy
Increment 1!
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darc IDEXPERIENCE R2016x HotFix 4 Ty
tep Tim 000

Primary VarS, Max. Principal [Abs]

Defol

Var: U Defarmation Scale Factor; +1,000e+00

Residual Stress

Pre-strain

110266103
183810102
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03
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-1000
Step: compress
Increment  33: Step Time
Primary Var- 5, Max. Principal (Abs
Deformed Var: U Deformation Scale Factor: +1.000e+00
-1500
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Tensile Stress
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ICE R2016x HotFix4 Ty
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+2.240e+02

Min: -3.047e+02

S, Max. Principal (Abs}
(Average-compute)

Node: NDC-53-07600-R2-EXPANDED-1.5926

Compressive
Cyclic Stress
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ODB: NDC-53-07600-R2-pr - 0-ca0p75-01.0db  Abagus/Standard 3DEXPERIENCE R201

Step: unload-3

increment  13: S
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Deformed ale Factor: +1.000€400
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Y

X ODB: wire-carbide-submodel-4umvoid-04.odb  Abagus/Standard 6.13-2 Thu Mar 16 13:11:56 Pacific Daylight Time 2017

’ Step: pull-6%-1
72 Increment  0: Step Time= 0.000

31201

kH}\” PI
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B

ODB: wire-carbide-submodel-4um-04.0db  Abagus/Standard 6.13-2 Mon May 18 09:17:53 Pacific Daylight Time 2015

Step: pull-6%-1
Increment  0:Step Time= 0.000

Deformed Var: U Deformation Scale Factor: +1.000e+00

Inclusion Attached

© 2017 Confluent Medical Technologies



Stress State — Initial

Void Inclusion Attached
0 MPa 0 MPa




Stress State — Pull 10% Global Strain

S, Max. Principal {Abs) S, Max. Principal {Abs)

Void Inclusion Attached
1567 MPa; SIF=1.27 1757 MPa ;: SIF=1.41

NPT




Stress State — Released

Void Inclusion Attached
-720 MPa -710 MPa




Effect of Residual Stresses on Upper Plateau Stress —
Without Pre-straining (6% global strain)

Void Inclusion Attached
1063 MPa 790 MPa




Effect of Residual Stresses on Upper Plateau Stress —
With 10% Pre-straining (6% global strain)

Void Inclusion Attached
741 MPa 613 MPa
30% drop 22% drop
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Pre-Stress/Strain — PS
Residual Stress/Strain — RS (Depends on Pre-Stress history)

Cyclic Stress/Strain — CS

---- (+) Tensile

A (-) Compressive
B (-) (+) (-)
C (+) (-) (+)
D (+) (+)

\ /

Inverse Sign
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Fatigue life improves when pre-stress and cyclic stress are of same

polarity.

---- (+) Tensile

(-) Compressive

(-) (+) (-)
(+) (-) (+)
(+) (+)

\ /
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PS+ Ps-
Crimp to achieve tensile siress at extrados, and compressive residual stress Crimp to achieve compressive stress at extrados, and tensile residual stress
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Material: SE508-ELI

Sample size: 6 Diamonds (or 12 'V’ s at each condition)
Test Temperature: 37°C

Pre-strain (Tensile or compressive) : 9%
Mean strain: 3.50%

Starting strain amplitude: 0.75%

Run out: 1 million cycles ;

Increase cyclic displacements until specimens fracture
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'w 'P‘ “' [‘h N S

Load (N)

——T13_L4
—T13_L6
—T13_L8
——T13_L10

T13_L12

-3.500

0.500

-12 -
Displacement (mm)

2.500

4.500



Mean strain: 3.50%

Run out: 1 million cycles

Sample size: 12 at each condition

Strain

Amplitude (%)

Baseline
(PSO, CS+)

Combination A
(PS+, RS-, CS-)

Combination B
(PS-, RS+, CS-)

Combination C
(PS+, RS-, CS+)

Combination D
(PS-, RS+, CS+)

0.75
1.30
1.88
2.24

2.76
2.90
3.03

3.16

3.50

Run Out

Run Out

Run Out
Fracture (2)

Fracture (5)

Fracture (3)
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Pre-strain: (+) 9.00%
Mean strain: 3.50%

Run out: 1 million cycles ; Sample size: 12 at each condition

Strain

Amplitude (%)

Baseline
(PSO, CS+)

Combination B
(PS-, RS+, CS-)

Combination D
(PS-, RS+, CS+)

0.75
1.30
1.88
2.24

2.76
2.90
3.03

3.16

3.50

Run Out

Run Out

Run Out
Fracture (2)

Fracture (5)

Fracture (3)

Run Out
Fracture (3)
Fracture (4)

Fracture (1)

Fracture Initiation:
Intrados

Run Out
Run Out
Run Out
Run Out

Fracture (1)
Fracture (1)
Fracture (1)
Fracture (3)

Fracture (2)

Fracture Initiation:
Extrados
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Crimp to achieve compressive stress at extrados, and tensile residual stress
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Pre-strain: (-) 9.00%
Mean strain: 3.50%

Run out: 1 million cycles ; Sample size: 12 at each condition

Strain Baseline Combination A Combination C
Amplitude (%) | (PSO, CS+) (PS+, RS-, CS-) (PS+, RS-, CS+)
0.75 Run Out Run Out Run Out Run Out Run Out
1.30 Run Out Fracture (3) Run Out Run Out Fracture (1)
1.88 Run Out Fracture (4) Run Out Run Out Fracture (3)
2.24 Fracture (2) Fracture (1) Run Out Run Out Fracture (2)
2.76 Fracture (6) Fracture (2) Fracture (1)
2.90 Fracture (3) Fracture (4) Fracture (1)
3.03 Fracture (4) Fracture (1)
3.16 Fracture (3)
3.50 Fracture (2)
Fracture Initiation: Fracture Initiation:
Intrados Extrados




100% ]

90% +

80% -

70% +

60% -+

50% -

P(Survival)

40% T —ffi=PS+ / CS-

30% 1 +PS'/CS+

| =i} -PSO / CS+
20% |
PS-/CS-
10% + HY o,
~8-PS+ / CS+ Mean Strain: 3.5%
I Pre-strain: 9%
0% : : : : t : : : : t t t : t : : :
0.5 1.0 1.5 2.0 2.5 3.0 3.5

Strain Amplitude (%)
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Residual Stress State — Inclusion Attached (Steel vs. Nitinol)

Inclusion Attached Inclusion Attached

Steel 316L Nitinol
-450 MPa -710 MPa




Residual Stress State — Void (Steel vs. Nitinol)

Void Void

Steel 316L Nitinol
-420 MPa -720 MPa




Residual stresses through pre-straining can increase or decrease the

fatigue life depending on the nature of pre-strain and cyclic stress state.

Fatigue life improves when the pre-stress and cyclic stress are of the

same polarity (i.e., tensile or compressive).

The effect of residual stresses is more pronounced in Nitinol compared

to a traditional metal.

oM 12017

{APE MEMORY AND SUPERELAS ONFERENGE AND EXPOSITION



Karthikeyan Senthilnathan
Confluent Medical Technologies

Karthikeyan.senthilnathan@confluentmedical.com

M1 21

SHAPE ME STIC TECHNOI



