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Presentation outline

Introduction to shape-memory alloys

v SE: superelastic effect
v SME: shape memory effect

Traditional and innovative application

v' SE: eyeglasses/ stents
v SME: actuators / intervertebral spacers

1D constitutive models

» SE + SME time-continuous constitutive models
» Algorithmical considerations

» Algorithm numerical validation

» A home-made round-robin test

3D constitutive models
v' SE + SME time-continuous constitutive models
v Algorithmical / mathematical considerations
v Algorithm numerical validation (uni-axial & multi-axial)

3D numerical simulations
v SE: stents [ free-expansion / crush test ]
v SME: actuators / intervertebral spacers
v" Hybrid composites




Shape memory alloy: an introduction

Shape memory alloys (SMA) : materials with an
intrinsic ability to recover initial “shape” also after
severe deformations

Macroscopic point of view : two unusual effects, In
general non available in traditional materials

Superelastic effect Shape memory effect



Shape memory alloy: an introduction

Superelastic effect Shape memory effect
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Application fields

Macroscopic effects non available in traditional materials
3
Innovative and commercially valuable applications

Biomedical area  orthodontics, orthopedics, guidewires,
stents, eyeglasses, micro-actuators

Mechanical area  actuators, thermal valves, connectors,
closing/opening systems

Structural area shape & vibration control, energy
dissipation (civil engineering, aeronautics,
car industry)



Superelasticity: applications

Superelastic effect (SE) :




Superelasticity: cardio-surgery

Superelastic effect (SE) : -

Stenosis : occlusion of a
physiological lumen
(ex.: coronaries)

Non invasive treatments:
peripherical access

SMA intravascular stents : expandable tube-like structures permanently
placed into stenotic arteries to restore blood perfusion / serve as scaffold
to increase artery blood flow to downstream tissues
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Superelasticity: orthodontics

Orthodontic archwires for
the correction of tooth mal-
position

[ results in only 3 weeks of
therapy !! |

Advantages : application of a constant and low intensity force

reduced tissue damage and increased remodeling speed
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Shape-memory effect: applications

Shape-memory effect (SME
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Shape-memory effect: connectors

Most known application: @
constrained recovery @d &
Recovery constrained by a rigid @ O
element

SMA CONNECTOR (CryoconTM Contact)

Different materials High precision Easy use
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Shape-memory effect: orthopedics

Cambers : elements to help bone healing

Spinal fixtures: devices for the treatment of herniated disks
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Shape-memory effect: automotive

Coupling between : a wire with shape-memory effect
a spring-like deformable element -
= Two-way SME ( repeatable ) |

Foglamp Louver
Engine Hood Lock

1

2

3 Retractable Head-Light
4 Fuel Management

5  Engine Control

6 Transmission Control

7  Climate Control

8  Wiper Pressure Control
9

Linear Angular .
actuators actuators 10 SeawBelt Adjstement |

12 Shock Absorber Adjustment
13 Filler Inlet Lock

14 Trunk Lock

TiNi wire Joint

Y Figure 12: Potential applications for electrical shape memory actuators in
/ automobiles.
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A collaboration with an Italian company: SAES getters

Shape Memory Alloys
for innovative micro-actuators

* No EMI

Few centimeter of shape memory wire
can replace bulky electromagnetic actuators

Current
EM actuator g
¥ . _ Altuatone a memork dl Attustors
s farma eletiromag netico
Corsa di atfuazione 4-Bmm 6-8 mm
Forza max df atuazione 60N 35N
Tempao di nsposia <02s <05¢&
- — Temperalura di esercizio | -30°C ++80°C -30°C ++80°C
Shape memory actuator . Cicli > 100000 = 50000
Volume g 4
Main advantages: - 18-t o
L Peso 15¢g i5g
« Compactness and flexibility - -
. Reduced costs Alimentazions 12vDC 12vDC
: ﬁ:;‘fﬂ;‘ﬁ;&:lf}f arauas mavement SMA linear actuator vs electromagnetic
- Noiseless operation Performances comparison

* Work in “harsh environment”

we support your innovation [N
getters
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SAES getters: some 1deas in automotive industry

From concept design...

Mirror support

Mechanical opening
from the outside

Internal electrical and mechanical
opening based on SMA bowden

Shape memory
wire

...10 prototypes:

o (i

we support your innovation
saes
getters
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Shape-memory effect: actuators

Side flange

// f__ Lead wires

Intermidiate flanges

g e
.- Outer casing
13 . =0
-
coil spring
SMA coi1l springs

1 | E-array )
spinal coil spring

Cooling water tubes
{ countcer flow )

Fiber scope
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Key aspect :

Martensite :

Austenite :

Shape-memory alloys: micro-mechanics

reversible crystallographic transformation
solid-solid phase transformation

martensitic phase transformation [no diffusion]

stable at lower temperatures
lower crystallographic symmetry
stable at higher temperatures

higher crystallographic symmetry



19
Shape-memory alloys: micro-mechanics

Thermo-elastic martensitic transformation crystallographically reversible
(diffusionless, first type, athermal, two phases, hysteresis)

Austenite ] '
) ° stable at higher temperatures T>A, '
Martensite 5
/ T stable at lower temperatures T<M \
i%_/ single/multi variant :
multi-variant martensite single-variant martensite austenite

*—8 & 8 & & & 0 0 @ e & 9 9 9 9 9 0 9

* & & & & & & & o @ ¢ & 9 o & o 0 0 o 0

* 8 & & % & & 0 B o 9 9 9 9 9 9 9 9 9
* & & & & & & ¢ ¢ 9 * & 9 9 & 9 9 0 0 0

* 8 & 8 & 0 & 0 4 @ ® 9 9 9 9 9 9 0 0 9
* & & & & & & & ¢ 9 & o & o o o 9 9

C-D-A A-B-C

L S e e e S S S ® * o o o o o o

. & & & 0 o 0 0+ o 9 9 9 0 9 9 9 9 9

* o 9 0 9 9 9 0 9 0 ® 9 9 & & 9 9 9 9

& & & & 9 0 9 9

& & & & 9 0 9 9

austenite single-variant martensite single-variant martensite
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Shape-memory alloys: micro-mechanics

Single crystal transformation: change of crystallographic group

Crystallographic theories : compute the deformation gradient to
obtain the change of group symmetry ( Wayman 1964 )

PROBLEM : interaction between product and parent phase
Single-variant martensite  i.e.  with a preferred direction (stress)
Multiple-variant martensite I.e with no preferred direction

PROBLEM : interaction also between different grains and other micro-
structure

Approach the problem from the micro-mechanics level

to build a macroscopic model is quite complex



Shape-memory alloys: thermodynamical aspects

Strong thermo-mechanical coupling :
» balance between chemical (thermal component) and mechanical
(elastic component) thermodynamical forces characterize PTs
» temperature and stress are thermodynamically equivalent driving forces
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Shape-memory alloys: thermomechanical coupling

Latent heat release/absorption as well as body thermal exchange with
surroundings may strongly influence body temperature

15
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Versus SMA constitutive models

» Important to have a 3D computational tool
v' to perform structural analysis of existing devices
v' to perform structural analysis of new possible devices

» (Complex constitutive behavior
v Mechanical response
v Thermo-mechanical coupling

We prefer to approach the problem directly
from

a macroscopic phenomenological point of view

= Models non always available in commercial codes
= Engineers play a fundamental role =» correct design



# Constitutive model

Souza et al. (EJM 1998)  Auricchio & Petrini (IUNME 2002 / 2004 ...)

3D phenomenological model: generalized standard materials

v Control variables — strain ¢, temperature T

v'Internal variables — transformation strain et
e second order tensor
e traceless, following experimental evidences

e dealing only with a single internal variable second-order tensor, at most the
model may distinguish between

» generic parent phase (not associated to macroscopic strain)
» generic product phase (associated to a macroscopic strain)
® need to satisfy a constraint (complete phase transformation)

0<llevli<e,

v Convex potentials — constitutive and evolutive laws
e Helmholtz free-energy + dissipation pseudo-potential



= Constitutive model: toward a plasticity-like mode

Tension-compression

e R S e i v 1
300+ "( !

formmmmmmee ;
200+

".-.."

%100- : i
=
T e e e S
?;:—100- : - ;
-200f _J.
. ol f Poo|--- T-28515K
B - S SR N — T-=253.15K
BT R T T U B B B
A Stress increment per step :
C e
D 40 Mpa (dots); 2 Mpa (lines)
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1D constitutive modeling

Helmholtz free-energy: V=vy,+y,+y, +1,
r 1 rw a0 ﬁ|€tr 2
Wel__E(‘c"_gtr)2 b2
< ’ < 0 if|e"]<e
Wch i IB<T—T*> gtr ISL S J 7L
: : |+oo  otherwise

[ E: elastic modulus ]

[ B: dependence of critical stress on temp.; T*: reference temp.; < ¢ >: positive part ]

[ h: slope of linear stress-transformation strain relation in uni-axial case ]

constraint on transformation strain norm
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1D constitutive modeling

W=%E(8—£”)2+,B<T—T*>

v" Following standard arguments, we derive constitutive equations

O'=?)—‘Z=E(€—8”)

v' Derive also thermodynamic force X associated to internal variable €%

Ir

e” +% £ 2+I€L (8"’)

v X: interpretable as “relative stress” (classical plasticity)

gl‘r

8)‘1’

r

with o back stress g = [IB<T—T*> +h

+]
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1D constitutive modeling

v Compute differential of indicator function

r

0z = dbles

<5

oo otherwise

hence
0 if |e” <¢g )
dl, AN y=0 if 0< |£"| <¢,
y=——g=4tR 1if &' =¢ & -
dle ENEY it el =g
if " > ¢,




30
1D constitutive modeling

Model completed through the following ingredients

v Limit function F(X)=|X|-R
| |, .. ¢ OF
v’ Associative flow rule B = fi—
0X
v Kuhn-Tucker condition 20, F<0, (F=0

e R:elastic domain radius
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1D constitutive modeling

Complete 1D time-continuous model

v' Stress definition

v Thermodyn. force X=

v’ Limit function
v’ Associative flow rule

v Kuhn-Tucker condition

v Constraint on PT

0'=E(8—8”’)
gﬂ'

r

gl‘r

0'—[,6’<T—T*>+h +7]

F(X)=|X|-R
: . OF
E' =0 ——
0X
(20 ,F<0, (F=0

y 20
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1D constitutive modeling

Time-integration

0'=E(8—8”)

X=0-| B(T-T")+hle"|+7|

5
e




1D constitutive modeling

Complete 1D time-discrete model

0'=E(8—€”)
X=0 [ﬁ<T T>+h‘£””+7/]€[
F(X)=|X|-R
e =¢ ”’+/1L
X |
A20 ,F<0, AF=0
y 20

Non trivial aspect: obtained non-linear algebraic system is highly non-
linear due to the presence of 2 constraints

Constraint due to limit function
Constraint due to phase transformation
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1D constitutive modeling

Return map:
apply predictor-corrector
2 times

assume elastic step

if (elastic predictor non admissable)
assume non-saturated PT

If non-saturated PT non admissable
assume saturated PT

compute elastic predictor
if (elastic predictor admissible) then
solution found !!
else
compute non-saturated PT predictor
if (non-saturated PT admissible) then
solution found !!
else
compute saturated PT predictor
check solution
end
end



1D constitutive modeling

Elastic step
A=0 =0
gtr,TR - g tr

n

O' —E(8 gtrTR)

X™=¢"—{ B(T-T") +h\g”m\] £l

‘ rTR‘

F®=F(Xx™ _\XTR\—

Check: FT™H<0




1D constitutive modeling

Non saturated PT

A>0 =0

o= E(e—e”’)
X=0-| B(T-T")+h

gtr

:
I

F(X)=|X|-R

e"=¢e" + ﬂi
X |

Check: [ETR [ < &
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1D constitutive modeling

Saturated PT

|A>0 y>0f

0'=E(€—8”’)
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A collaboration with an Italian company: SAES getters

GOAL: 1. interpretation of model parameter in a 1D setting
2. calibration with SAES material

E:
h:
T*:
B:
R:

elastic modulus

slope of linear stress-transformation strain relation

reference temperature
dependence of critical

hysteresis width

T.=P<T-T"> with <+ >:positive part

stress on temperature

Al

T*

T

Temperature dependence for T,

GA

f(h)

—

f(h)

/"

T A T

Temperature dependence for o,
phase transformation stress activation
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SAES getters: reproduction of basic effects

A

s ] A
. / g,. /
/]
; 77
> T*/{ o >

Tse T

Superelastic test (at constant temperature T = Tg): stress-strain diagram (left) and
stress-temperature diagram (right)

& Tove T A; T

Shape-memory test (at constant temperature T = Tg,,c): stress-strain diagram
(left) and stress-temperature diagram (right)
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SAES getters: reproduction of basic effects

€ - T test (at constant stress © *): strain-
temperature diagram (top) and stress-
temperature diagram (bottom)

Model parameter calibration: given 2
strain-temperature curves at 2 constant

stresses O' > 02, identify in a simple way all
needed material parameters

c A

Y

(n

@ &

| 2R,

[Ae

>

2) (1)

Tyr\;l T}-‘M

(1)
Tg,f.-'\ T
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SAES getters: “local” round-robin test

Experimental vs numerical curves relative to
wires @ 150 and 200 MPa;
numerical curve @ 150 MPa: fully fitted | |
numerical curve @ 200 MPa: partially fitted el e |
e
Experimental vs numerical curves relative to | |
0.2mm wires at 100 MPa | |
numerical curve fully predicted | ij |/

m— 100MPa num.

Stress-strain tests @ different temperatures: numerical curve fully predicted

120° exp,

90° exp. || | 110° exp

= 120° num. | | | = 90° num.| —_— 110° num
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* Constitutive model

Souza et al. (EJM 1998)  Auricchio & Petrini (IUNME 2002 / 2004 ...)

3D phenomenological model: generalized standard materials

v Control variables — strain ¢, temperature T

v'Internal variables — transformation strain et
e second order tensor
e traceless, following experimental evidences

e dealing only with a single internal variable second-order tensor, at most the
model may distinguish between

» generic parent phase (not associated to macroscopic strain)
» generic product phase (associated to a macroscopic strain)
® need to satisfy a constraint (complete phase transformation)

0<llevli<e,

v Convex potentials — constitutive and evolutive laws
e Helmholtz free-energy + dissipation pseudo-potential



46
3D constitutive modeling

Helmholtz free-energy: V¥ =V,+V¥,+V¥,+y,+1.

f

- W —ﬁ etr 5
v, =%K92+GHe—e” 2 SE "
A= —-T -+ T-T )=Tlog(T /T
3 oKd (T ; To) IVii (ruo 770) & [( o) g( 0):|
t 0 if|e"|<¢,
v, =1t (T)|e’ I A
: L ©|4e otherwise

T, =B<T-T">
with B: dependence of critical stress on temp.; T*: reference temp.; < ¢ >: positive part

h: slope of linear stress-transformation strain relation

constraint on transformation strain norm
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3D constitutive modeling

1

y=_ K& +Gle-e" - 3aKk6 (T -T')+B(T-M,)|e"|+
+§ e[+ (uy=T))+ ¢ [(T-T,)=log(T /T | +1,

4 Following standard arguments, we derive constitutive equations

) de
T=T7>
n_—g—¥=n0+30{1{9 Blle” <‘T—T*‘>+C(T - TO)

p and s: volumetric and deviatoric part of the stress n: entropy
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3D constitutive modeling

v" Derive also thermodynamic force X associated to internal variable et

tr

e
le” Il

—=s—| B(T=T")+hlle" I+

where . .
0 if lle"ll <¢,
ol PAS) y=0 if 0< lle"ll <g,
= —=J+R if lle'll <g
7= Sl oA b6 e 3 y20 if el =g,
if lle”ll > ¢,

v X: interpretable as “relative stress” (classical plasticity)

with o back stress o =[,B<T—T*>+h" e’ | "‘7} e |

Ir

€
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3D constitutive modeling

Model completed through the following ingredients

v Limit function F (X)
y; w2 OF
v Associative flow rule e" = —
0X
v Kuhn-Tucker condition {20 ,F<0, (F=0

Limit function example

. . nd -. [ 1 1

with J, : 2" X invariant J, =_(X2 :1) /7, =—(X3 :1)
J; : 3 X-invariant 2

e Asymmetric experimental behavior in tension / compression (Prager-Lode limit surface)

e R: elastic domain radius in deviatoric space; m < 0.46 to guarantee limit surface convexity
e R and m can be related to uniaxial critical stress in tension / compression
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3D constitutive modeling

Dissipation pseudo-potential : ¢=¢(¢")=R

Evolutionary equation :

v Limit function
v Flow rule

v Kuhn-Tucker condition

étr

-~ Ir

X e 9¢ =Ro|e

aétr
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3D constitutive modeling

Model drawback

non-smooth definition of X in parent phase (e”=0)

Ir

e
e Il

X=—§E‘Z =s—| B(T=T")+hlle" ll+7 |

Substitute usual Euclidean norm with “regularized norm”

n+1
¥ ~1
n =

4 n

lle” Il —

(Ile” 1l +17)

n-1

Je” IP +n =

tr ”

le ~ lle” Il =4

where m regularizing factor
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Constitutive model: regularization

n+l
7 n-1
. t t
le” |l = 1le" |l— (IIe”’II+77)’7 limlle” Il = lle”ll
n-1 n—0
_ =
dlle” || 1, e’ dlle” |l e
5 - g Iim =
de” le” Il +77 e |l n—0  oe’ Ile” ||
Norm Norm derivative
5*\"" = : : o . - -
| T S snom | oaf{ T ofnat efnom (
t "

-3
x 10 g" -]
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Time-discrete model

Rate equation integrated with implicit backward Euler scheme

s =2G(e—e”)

Ir

dlle
vy | o

X=s—[,6’<T—T*>+h e’

y20

] oF
etr b etr + A il
. TAL X

<

etr gL
F(X)<0
A{20 , AJF(X)=0

Non linear system solution with return-mapping like algorithm
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Time-discrete model: state detection & update procedure

TIME-DISCRETE MODEL FRAME
1. Compute trial state
elr.TR _ e;;
{STR —2G(e — e TR)

2. Check material state

ol B =[BT — Mp) + hlle TR ==

compute: §

———

7 XTR
FTR = 20, (XTR) 4 m b

J»(XTR) B

it (FTR <0) then

check FTR. lelse

end if

3. Update material state

(’_!”elr,TR ”

elastic step (EL)
active p.t. (P7))

Z

vy 2

BRANCH SOLUTION AND STATE UPDATE
it (CASE EL - Elastic step) then

elr:elr.TR
s =2G(e —e'h)

else if (CASE PT; - Evolving phase trangformation) then

find e solving |Equation (21)

if |[e'| < & then exit
check solution: else CAS
end if

if (CASE PT, -
find e, y
end if
end if

Saturated phase transformatie

solving| Equation (22)

*
L 4

LALL

Newton Raphson method
Algorithmically consistent tangent
Auricchio & Petrin1 IINME 2004

-

X —s'* +2GA§—3—§+[,B<T—T*>+

e ]2 -0
+hlle” || | =— =

ael‘r
F(X)=0
X—sTR+2GA§a—F+_,B<T—T*>+

oo L

+h‘e” +y] a‘etr ‘ o
aetr

F(X)=0

\ e’|l—¢g, =0




Time-discrete model: algorithm numerical validation

Test temperatures :
e T=253.15K: material stable in martensitic phase,
shape memory effect takes place (multiaxial tests)
e T=285.15K: material stable in austenitic phase,
pseudoelastic effect takes place (uniaxial and multiaxial tests)

Material and model data :

E =70000 Mpa [ Young modulus

v=0.3 | Poisson modulus

R =45 MPa  limit surface radius

g =3

h =500 MPa | hardening modulus _
T,=254.15K | austenite-martensite transf. temp. ]
e =0.02 | regularization parameter |
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Algorithm numerical validation: uniaxial 1sothermal test

(stress control)

Lines — fine time discretization

Dots — crude time discretization

Tension-compression Torsion
400 2507
Vo i -} 200+ ] b ey 22 '!
300+ ‘ 4 $
e % T T 3
200
. 100
% 100 f N, T sof : f |
A i K D R
2 100} i . 5 —50f : F
/ g H
~ % _100f
-200 4 B §
P .;. -150 .:" """" ?
D [ A Pl T Sl A T TR
~400 —4————— 2 : 5 5 7 -250—4—, 2 0 2 4 6
axial strain [%] » shear strain [%] Yo
Stress increment per step : Stress increment per step :

40 Mpa (dots); 2 Mpa (lines) 10 Mpa (dots); 2 Mpa (lines)



Algorithm numerical validation: multi-axial isothermal test

(strain control)

€11 — €22

€11 = V12 V12 — 723

0.04- 0.04+ 0.04F
0.031 0.03F 0.03+
0.02 0.021 0.02+
T i T
g 0.01F o 0.01F "o 0.01F
My = ?—-ﬁ
= & c
@ 0 &8 o 8 0
@ @ @
] 3 3
- L @ t
3-0.01 2 0.01 g_o.m
0.02} 0.02¢ 0.02+
0.03f - 0.03F ; 0.03F .
—— time step 0.02 sec —— time step 0.02 sec —— time step 0.02 sec
_0.04f +  time step 0.2 sec _0.04f +  time step 0.2 sec _0.04} +  time step 0.2 sec
' A 1 'l L L 1 1 L e L L 1 L it T el A L > il i 1 - I i I I I
-0.04 -0.03 -0.02 -001 O 001 002 003 004 -0.04 -0.03 -0.02 -001 0 001 002 003 0.04 -0.04 -0.03 -002 -001 0 001 002 003 004
Axial strain e, [-] Axial strain e, [-] Shear strain v, , [-]
30001 500 300
400f
2000
300+ 200
- — 200+ =
& 1000t g & 100r
2 £ 100t =
om e “g}
2 of % ot g 0
E @ 5
o =-100F u
% -1000} 8 §_10°_
% D 200t @
=3001
-2000+ . -200f
=400+
-3000 =50 -30 L L L I s
-3000 N %00 -100 0 100 200 300

Axial stress 6, [MPa]

0
Axial stress o,, [MPa]

Shear stress ,, [MPa]

Time step:  0.02 sec (strain increment 8.E-4) fine time discretization
0.2 sec (strain increment 8.E-3) crude time discretization



66 .
“International” round-robin test

Parameter identification for roundrobin tests

Employed curves: =T
-40 -20 0] 20 ; 4[201 60 80 100 120
E: 53600 MPa
: V: 0.33
Parameters: h 250 MPa

kept constant throughout all the 1= -380C

performed numerical simulations B: 5.6 MPa/oC
R: 90 MPa
€ : 5.8%
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“International” round-robin test: outline

» Numerical results
v Tensile tests
v Thermal cycling tests at constant stress
v Torsion tests
v' Combined tension-torsion tests
v' Thermomechanical recovery stress tests
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¢ [MP3a]

o [MPa]

“International” round-robin test: numerical results

Tensile tests (Data set 1)
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“International” round-robin test: numerical results

Tensile tests (Data set 1)
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“International” round-robin test: numerical results

Thermal cycling tests at constant stress (Data set 2)

exp 500MPa e

T
= exp 450MPa
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71 . . .
“International” round-robin test: numerical results

Torsion tests (Data set 3)
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Mt [N mm]

Mt [N mm]

“International” round-robin test: numerical results

Combined tension-torsion tests (Data set 4)
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Before addressing more realistic problems ... some mathematics

By Convex Analysis, rewrite model in equivalent form

—5 . =
+ owv

.i'll' T

aD (&™) e”

dD stands for sub-differential of dissipation function D associated to PT

D(e") = sup | {A : e”} :
F(A)<0

e Formulation of rate-independent evolution problems in terms of a doubly-
nonlinear differential inclusion as above has recently attracted a lot of attention

e Mathematical treatment is nowadays fairly settled and existence, uniqueness,
and time-discretization results are available

1. Mielke. Evolution of rate-independent systems. Handbook of Differential Equations. Elsevier,

2006.
2. Auricchio, Mielke, Stefanelli. A rate-independent model for the isothermal quasi-static evolution of

shape-memory materials, M3AS 2008
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Before addressing more realistic problems ... some mathematics

v" Dissipation function has a specific expression
D(e™) = R|le"|]

v' Easy to check that D is positively 1-homogeneous, i.e.
D(X\e™) = AD(e") ¥\ > 0.

hence, time-evolution of et' is rate-independent since

OD(N\e™) = dD(e'") YA > 0.

» The model is thermodynamically consistent
» The model undergoes fully reversible phase transformations
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Numerical simulation: SE coronaric stent (free-expansion)

External diameter: 4.25 mm

Stent length: 5.24 mm

Stent thickness: 0.1 mm

Model: 29263 10-node el.s / 64046 nodes

Constitutive model interfaced as “user mat subroutine” into Abaqus



Numerical simulation: SE coronaric stent (crush test)

upper load plane

stent

= | ‘7{
— O ‘—T FLOW OUT

lower load plane

load N]

-14

eperimental -
12 -

computational -
-10 R

-08 —
-06
-04 =

-02

0 -05 -1 -15 -2 -25 -3
crush [mm]

Loading-unloading test: 70% diameter reduction
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Numerical simulation: SME spring

SMA spring Bias spring
T A A : ;;' e ]

SMA actuators based on the
shape-memory effect .

(a)

displacement [

reaction [}
s =5 ® -
S B R

displacement {mrm]

Assume time-dependent temperature known and uniform in the domain
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Numerical simulation: SME spinal intervertebral spacer

Device that should be able to substitute a damaged intervertebral disc

@ > C shock absorber &

<L, motion unit

oG «<Ef
A

h

e maintain separation distance between adjacent vertebral elements
allowing spine large motion in several directions as well as avoid
nerve compression

e allow spine to compress / rebound during activities, resist gravity on
head and trunk during prolonged sitting and standing, allow spinal
segment to flex, rotate, and bend on side
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Numerical simulation: SME spinal intervertebral spacer

 Device is compressed in martensitic phase, assuming a reduced
shape [ to help device insertion ] .Once positioned in body, it recovers
original expanded shape by thermal recovery (shape memory effect)
and starts to work opposing force to spinal compressive load

« Compare different Ni-Ti spinal spacers during implant and
physiological loading

T':._llﬂ_.' -
AT S o
5, '_.'J..__ i e
o e ot )
in!
Ty T e Vil Y TATAy
- AT o ;
A P "
=% ".,_ g
0 ;"- -| b :.\!jl
i X =
ket " 5
Kk 414 P
| i . ol E
iy =
I 5
= o
| f T + T T -
1 4 3 4 ) 6 7 8
1 Constant  Crush Surface  Heating Cooling Surface Load Unload
Due to SY| I II I Ietry On Iy /4 Of temp. by swface replacing  with again in up to to
’ (displ. and  strain contact IS00N 600N

control)  elastic  recovery

the device is simulated
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Constitutive model: COFIN funded project
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SMA hybrid composites

Example : SMA fibers are surface
mounted or embedded in polymeric

or metallic matrices
Courtesy of C.R.F / \

Matrice di resina

Fili S A o composito

SMA composites able to : actively control structure shape
actively control structure pre-stress

Application fields : aeronautics, aerospatial, automotive,
structural control, medicine

Computational tool useful to support design of hybrid composites

OUR GOAL : 3D finite element frame, modeling SMA & matrix
stimulated by electro-thermo-mechanical load
COMPLEXITY: need to deal with three fields



SMA hybrid composites

Field equations :

£ tions Mechanical Thermal Electrical
quatio Field field field
Equilibrium V.6 +f=0 V.G + CT=b V-j =0
— —\T .
Compatibility | ¢=Y4+tVi) & =—VT E =—VV
p)
Constitutive 6=D:¢ G=k-& j=6-E
law
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SMA hybrid composites: coupling terms

Thermo-mechanical coupling
* dissipative terms
v SMA model b=X:é"
v elasto-plastic model b=oc:&"
g =g+’ +a AT -1

e thermal deformation

Thermo-electrical coupling LA
. Joule effect b=FE-j

Thermo-electro-mechanical coupling
« SMA model b=X:eé"+E-
» elasto-plastic model b=6:£"+E-

~. .}
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SMA hybrid composites: numerical example

Helicopter blade: SMA hybrid composite could be useful employed to
reduce helicopter blade vibration by edge flap active
control

DISPLACEMENT 2

-2.28E+00
-1.82E+00
-1.36E+00
-9.04E-01
-4.44E-01
1.52E-02
4.75E-01
9.34E-01

urrent View

in =-2.28E+00
=-2.63E+01

C

M

X

Y = 4.32E+00
Z = 1.00E+01
Max = 9.34E-01
X =-5.90E+01
Y = 4.93E+00
Z =-9.44E-02

Time = 1.20E+01

Simplified model of flap The upper pre-strained SMA fiber
E}C“Va’{ed by emb_e_dded Ni-Ti activated by heating induces flap
fibers in martensitic phase shape changes that are recovered

heating the lower fiber
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Micro-actuators: analysis & design

» Development of a method for designing SMA micro-actuator
> Investigation & optimization of a micro-gripper already discussed in literature

M. Kohl. Shape Memory Microactuators. Springer, 2002.

e Standard design method: based on austenite/martensite elastic modulus
difference

e GOAL: develop a design method taking advantage of effective material
response

e DRAWBACK: adopted model does not take into account elastic modulus
change with phase transformation
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Micro-actuators: analysis & design

Focus on the design of a simple antagonist mechanism made of two SMA springs

Activation procedure
1. Lower spring deformed applying a
force to one end
2. Constrain both ends of series
system
3. Activate system by heating each
spring alternatively

e Design parameter: pre-deformation induced in lower spring

e Design output: overall system response. Obtainable characterizing both springs in
terms of force-displacement and “properly” superimposing single response in a
force-displacement plane

e Since there are two possible — martensitic and austenitic — conditions for each
springs, we need two different characterization for each part of the system
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Micro-actuators: analysis & design

Classical design approach: assume Stress
material as always working in elastic
range.

There are 4 different equilibrium points.
Interested only in two of them, i.e.
intersection between lower spring in
austenitic condition and upper spring in
martensitic condition and vice versa.

Spring 1 - Martensite

Spring 1 - Austenite

-------- Spring 2 - Martensite
........ Spring 2 - Austenite

- Prestrain > Strain

L)
'
'
“ Stress A

)

More appropriate design: consider spring e
effective response and hysteresis.
Consider only unloading branches in
austenitic condition and only loading
branches in martensitic condition!!

Spring 1 - Martensite

Spring 1 - Austenite

-------- Spring 2 - Martensite
........ Spring 2 - Austenite

\)

Prestrain

Strain
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Micro-actuators: analysis & design

Once procedure is defined, we can design a micro-gripper [Koh02]

B 1'T'r-l!. 0{"!- j__. ‘
mg! H1
LE I.'i.h'_i d"_.-._ l__
[y 5 i |
AT HSATIT
L '.'-1:':;-'1 vl /ﬂ‘\;l
]“ = ] q:,t‘f F:
Micro-gripper composed by two main . B
components: “HH R [ =
. s 3
Gear Actuator: transform a linear force | T 3
into a gripping force between jaws &
Linear Actuator: provide a linear force to STTTTTINATTTT T,
Gear Actuator ATTR S0 lT‘E
=N -
Activation: predeform linear actuator ST AT
- ~f -
M. Kohl. Shape Memory Microactuators. Springer, 2002.
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SMA: structural applications

GAP=E.2S5mm

2Bracing system with SMA wires

3 Retrofit with
SMA rods

1

() DesRoches et al., 2003
@ Dolce et al., 2000
3 Indirli, 2000
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SMA: structural applications

e IENI wires (Lecco, ITALY)

Superelastic wires, 1.00 mm diameter

« IENI bars (Lecco, ITALY)

Superelastic bars, 8.00 mm diameter

« MEMRY wires (Menlo Park, USA)

Superelastic wires, 0.75 mm diameter

Different testing frequecies
0.001, 0.1 and 1 Hz
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SMA: structural applications

Comparison with experiments (IENI wires, Italy)

550

From static tests....

---------- linear
=== DOWEr
=== gxponential

I
—— experimental
500

450

Stress [MPa]

---------- linear
=== DOWEr
=== gxponential

I
l —— experimental

Deformation [%]

.... to dynamic tests

Stress [MPa]

VISCOUS Model

Deformation [%]
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A collaboration with another Italian company: AGOM

Lo
m Ideas, engineering and manufacture

METAL RUBBER ENGINEERING

EXISTING SEISMIC ISOLATION DEVICES:
LEAD RUBBER BEARINGS
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SMA Isolation Bearing

m Isolation Effectiveness:

Fixed-base ——— |solated
structure ——— structure
lateral lateral
displacement: displacement:

400

200

Force [kN]
o

=200 —EL.PL. Model

---Experimental

“4%0 -100 0 100 200
Displacement [m]

m Superelastic Equivalent Isolator:

Shear
. . [}
I Austenite — Martensite
e Vimas |eeeeeoeeremineinieeeensee e,
akK
» Unloading Leaves Vy |-y rK BV
© ! No Residual Strain gl (P
2 : x it
é —— rﬂK : _._
‘m_: . .
Austenite =—— Martensite
Reverse Transformation
Uy ud

Strain € Horizontal Displ.

Jj 1]

H LRB 500 H
diameter 500 mm
effective horizontal stiffness || 1.62 kKN/mm
seismic comb. vertical load 1653 kN
seismic design displacement 162 mm
hysteretic damping ratio 28%

SMA eq. LRB500

yielding shear Vy 147 kN
design shear Vi 262 kN
yielding displacement | w,, | 17.5 mm
design displacement | ug | 162 mm
initial stiffness k | 8.4 kN/mm
second stiffness rk | 0.8 KN/mm
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SMA Isolation Bearing: Time History Analysis Response

m Force-Displacement Relations:

Shear Shear
Vd VShear
Va/ ud
Ud
ay Displ. ~ Di —
K / Pl rK —(1 -B) Vy Displ. Displ.
rK -Vy
rK
m THA Result Summary:
Displacement hysteretic reduction factor
0.4 100 - -
e 515 400 .R i
= ’ —SMA ‘ 80" <
= i f 4 4 [ELAS 200
@ 0 E’i
® § 40
.% _0.2 W _200 '"LRB |
& —SMA 20
~~ELAS| 0
_498.4 -0.2 0 0.2 0.4 LRB SMA EQ.SYS.
Displacement [m]
Force hysteretic reduction factor
__150 100 —
5 =
= X, 80
X, B i e
3 & __ 60
8 @ LRB inp. = 0
> 90 —SMA abs.
) -~SMA inp. .
-40 | Ui 0 —ELAS inp.| 2
GO 10 20 30 0 10 20 30 0

Time [s] Time [s] LRB SMA EQ.SYS.
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A new research direction

‘ Cost Action ‘

Reducing nitinol stent fracture in
highly deformable arteries

SMArtcare

Promoter: Prof. Ferdinando Auricchio
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Cardiovascular disease: a real emergency

m Atherosclerosis: the silent killer

m Cardiovascular disease (CVD): 49% of all deaths in 2005 in
Europe

m Overall CVD is estimated to cost the EU economy €169 billion a

Stenosis

year !!!
m Coronaries: well-known example of stenosis situ

Blood flow blockage

N

Chronic endothelial
injury

Lymphocyte  Collagen

Healthy vessel Atherosclerotic vessel
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Cardiovascular disease: stent ... peripheric procedures

Focus on Superficial
Femoral Artery (SFA)

Commen Femoral Artery

Anterior Tibial Artery

Posterior Tibial Artery

Peroneal Artery
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SMA for orthodontics

—— ORrect. 20th

== ORgirc. 20th
SO0 rmrmin BM rect. 20th pedeeeen e
-------- 3M circ. 20th

a MPa]

3 4
€ [%)]

In collaboration with Politecnico di Milano
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SMA for orthopedics




128 SMA for race helmets




129 SMA laser cut & biomedical devices
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SMA laser cut & biomedical devices

ZONA per
1'afferraggio

gamasce  gripper € le zone attive e passive
(Bellouard et al., 1999)

Z0HA 3 Mmemoria di
forma

(a) schema del meccanismo

(b) gripper in posizione aperta

(c) Gripper in posizione chiusa
(Kohl et al., 2002)

= "
Gearing Mechanism

AL %

o —

(a)



" SMA laser cut & biomedical devices

volume fuso e asportato durante il taglio (Steen, 1998)

"iﬁ

J‘ W Jh( p"ﬂ wi i u‘

_l, “'_'.I;L'*'

Y ateriale asportato

‘%

Bave di materiale fuso non asportato

400 micron

Striature del taglio di campione con
spessore 0,5 mm

400 micron
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