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Materiais Inteligentes: Acomplamento Multifisico

Mecanico Térmico

Shape Memory Alloys (SMAS)
Shape Memory Polymers (SMPs)
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Efeito Memoria de Forma

William J Buheler (1923 - 1889)
Liga de Niquel-Titanio, “Nitinol" (1962)
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Materiais com Memoadria de Forma

Ligas NiTi (Nitinol) Ligas Cu-Zn-Al Ligas Cu-Al-Ni

Poliuretanos (PUs)
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Ligas com Memodria de Forma
(SMAS)




Deformacao em Ligas Convencionais

Cristal Deformacao Deformacao
indeformado elastica plastica

\/
Y

®

(D Distorcdo através do estiramento das ligagdes (reversivel)

(2 Distorcdo através de um rearranjo das ligagdes (irreversivel e dissipa energia)
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Deformacao em Ligas Convencionais

. Strain hardening Necking :
Stress, o : : '
A e ; s
: Ultimate strength 5
N
Fracture
Yield strength
Run
Young's modulus = Slope = Rise
Run
» Strain, €
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Deformacao em Ligas com Memoaria de Forma

— Mecanismo de transformacao de fase tipo sélido-sélido

Austenita Martensita

Estavel em baixa
temperatura

Estavel em alta
temperatura

Maclada Demaclada

Austenite Martensite

\.
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Deformacao em Ligas com Memoaria de Forma
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Dornelas (2020)
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Efeitos Termomecanicos em Ligas SMA

> Efeito Meméria de Forma (One-Way)

- Efeito Pseudoelastico

- Transformacao de Fase Induzida por Temperatura
> Efeito Memoéria de Forma Bidirecional (Two-Way)

> Assimetria Tensao-Compressao

- Plasticidade Induzida por Transformacg¢ao de Fase

2
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de Forma
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Efeito Memoaria

(eg) ssox1g
A|




Efeito Pseudoelastico (Superelastico)

Brass Stainless Steel Shape Memory Alloy
Plastic Buckling & Fracture Plastic Deformation Reversible Pseudoelasticity
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Efeito Pseudoelastico (Superelastico)

Shape Memory Alloy
Reversible Pseudoelasticity
v
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Transformacao de Fase Induzida por Temperatura
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Transformacao de Fase Induzida por Temperatura

-> Two-Way Shape Memory Effect
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Assimetria Tensao-Compressao

Liga Pseudoelastica Liga Martensitica
1200 ’ 1200
| loo| MPa | — Tension 333K | |oo|MPa 308K
] = Compression
1 . | —— Tension
Compression

O crio -

Orgéas & Favier (1998)
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Plasticidade Induzida por Transformacao de Fase (TRIP)
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l’ Ultimo Ciclo Estabilizado
O V\ETRIP

Dornelas (2020)

- Aparecimento de deformacao
residual ao longo de ciclos de
carregamento

- Causas: Surgimento de tensodes
internas associadas a mudanca de
volume (ou forma).

- Ha plastificagdo mesmo sem

atingir superficie de escoamento
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Tipos Basicos de Atuadores com Meméria de Forma
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SMA SMA Mola de material SMA () SMA
convencional
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Tipos Basicos de Atuadores com Meméria de Forma

Frio + Quente +

Mola S/MA Mola linear

T WV
—

Dornelas (2020) | Stoeckel (1990)

Wil

Mecanica de Sistemas Inteligentes - Materiais Inteligentes e Suas Aplicacdes



Motor de Nitinol




Controle Ativo de Vibracao

DTU Mechanical Engineering
Department of Mechanical Engineering

Rotorbearing system with SMAs

Temperature dependent behaviour
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Aplicacdes Biomédicas — Stents Pseudoelasticos
Stent SMA

Protese biologica

Petrini & Migliavacca (2011)
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Aplicacdes Biomédicas - Stents Pseudoelasticos

Kuribayashi et al (2006)
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Aplicacoes Biomédicas — Proteses e Contencgdes

Duering et al. (1990) Idelsohn et al. (2004)

Petrini & Migliavacca (2011)
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Acessorios




Aplicacdes Aeroespaciais

Hartl & Lagoudas (2007)
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Aplicacdes Aeroespaciais

SMA wire actuators Position after morphing Original position

(a) Upward morphing effect

SMA wire actuators Position after morphing Original position

(b) Downward morphing effect

Yang et al (2024)

Carvalho et al (2022)
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Biotensengridade com Memodria

Brandao & Savi (2022)
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Musculos Artificiais (Atuadores)

Cianchetti et al. (2014)

Mecanica de Sistemas Inteligentes - Materiais Inteligentes e Suas Aplicacdes 29



Estruturas Adaptativas - Roda Origami com Memodria

Small Slit Passing Test

Lee et al. (2013)
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Estruturas Adaptativas - Roda Origami com Memodria

Lee et al. (2013)
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Estruturas Adaptativas — Roda Pseudoelastica do Mars Rover
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Estruturas Adaptativas — Roda Pseudoelastica do Mars Rover
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Estruturas Adaptativas — Bicicletas

The Smart Tire Company (2025)
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Polimeros com Memoria de
Forma (SMPs)




Efeito Memoria de Forma
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Efeito Memoria de Forma

Heat expansion-5X normal speed
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Estrutura de um Polimero

Cadeias Poliméricas Estrutura Quimica (Mero)
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Estrutura de um Polimero

Ligacdo Cruzada / Reticuladas
(“Cross-Linked”)

Fracamente Fortemente
Linear Ramificada Semi-Cristalina reticulada reticulada
\ ) \ J\_ )
Y Y Y
Termoplasticos Elastbmeros Termofixos

(Derretem gquando esquentados)
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Variacao de Propriedades com a Temperatura

Glass
State

Glass

Transition

Rubbery
State

/r\

Rubbery

i Flow

Viscous
Flow
| >

Modulus (GPa)

Temperature (K)
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Shape Memory Polymers

Ligacdo Cruzada / Reticuladas
(“Cross-Linked")

Fracamente Fortemente
reticulada reticulada
\ J\_ )
Y Y
Elastomeros Termofixos

-> Mais leves

-> Capacidade de maiores deformacdes

- Possibilidade de mais de uma “memadria” (estado
programado)

- Facilmente manufaturados e mais baratos

Original Shape Deformed Shape |

7
] 2

Yang et al.
(2014)
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Shape Memory Polymers

Yang et al. (2014)
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(eg) sso1g
A|

Ciclo Termomecanico de Memoadria de Forma (One Way)
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Outros Tipos

Triple/Multi-Shape Reversible Bidirectional SME (rbSME)
b) Experiment:
1. Fixing A =B | T .
> - reprogramming time
Deform at 90 °C; \ 100 °C
Cool at 56 °C

:

Thign shape A
50 °C

ﬁixing B—C

Deform at 56 °C ;
Coolto 22 °C

3. RecoveryC—B

Heat to SV

4. Recovery B—™ A 0°C
>
Heat to 90 °C shape B
)

Xie et al. (2009

0

Behl et al. (2013)
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Aplicacdes Biomédicas

Lendlein & Langer (2002)
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Aplicacdes Aeroespaciais

Lan et al. (2009)
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Aplicacdes Aeroespaciais

Bye & McClure. (2007)
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Atuadores / Robdtica

Ge et al. (2016)
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Atuadores / Robdtica

Ge et al. (2016)
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Atuadores / Robdtica

Ge et al. (2016)
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Materiais Inteligentes: Acomplamento Multifisico

Mecanico Térmico Magnético

Magnetic Shape Memory Alloys (MSMAS)

Mecanica de Sistemas Inteligentes - Materiais Inteligentes e Suas Aplicacdes



Deformacao em Ligas com Memoaria de Forma

— Mecanismo de transformacao de fase tipo sélido-sélido

Austenita Martensita

Estavel em baixa
temperatura

Estavel em alta
temperatura

Maclada Demaclada

Austenite Martensite

\.

Mecanica de Sistemas Inteligentes - Materiais Inteligentes e Suas Aplicacdes



Dominios Magnéticos - Magnetizacao Espontanea

Ferromagnetic
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Lagoudas (2008)




(eg) ssoxrg
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Efeito Memoria de Forma Termomecanico
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Mecanismo de Reorientacao Martensitica
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Mecanismo de Reorientacao Martensitica
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Reorientacao de Matensita por Campo Magnético




Sequéncia de Carregamento Termo-Magneto-Mecanica

y, [010] A micro-scale
: (a)
undeformed austenite I —
g me—
- .
x,[100] 2 [ — \
ﬂ cooling, application of -~ I e — |
high stress, reduction . - \ [ ]
to test level E* N\ 7
3 . _> d - \
single variant 1 Oy —b e R
martensite B e s =T = v e i
— -
H,=0
ﬂ application of magnetic field
. 5 A A A o= ]
intermediate state —> -
coexistence of botfl Opqx —] e [ Y
variants —> | N o l—
s(1,2) £(1,2) y s
H < Hy <H ﬂfurther . T
increase of magnetic field
A A
. g
s1ng11;e va:zlant 2 Ca —> T T
martensite _L | |
H2) o H, H,
Magnitude of
applied stress
0 < |ogz| < |o®]
Lagoudas (2008)
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Materiais com Memoadria de Forma Magnética

Ligas Ni-Mn-Ga

- Atuacao mais rapida que SMAs convencionais

-> Porém, vidvel apenas abaixo da tensao de

bloqueio

Ligas Fe-Pd
Ligas Ni-Co-Mn-In
Ligas Ni-Co-Mn-In
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Reorientacao de Matensita por Campo Magnético

Tsuchiya et al. (2004)
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Curva Campo Magnético vs Deformacao e Tensao de Bloqueio
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Atuadores




Colheita de Energia

Pick-up Coil

Happ-lr Happ-tr

(b) (©)

D'Silva et al. (2022)
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Colheita de Energia

Harvest device
Permanent

NdFeB Magnet L magnets

Cantilever

beam
MSMA N S

A = - | / x(t) d
Accelerometer , rN 4 I ’ T R . sﬁkd.z =
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\ Dynamic

amplifier

Shaker

/ MSMA Element

Farsangi et al. (2017) Jing et al. (2020)

Vibration
source
Base
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Materiais Inteligentes: Acomplamento Multifisico

Mecanico Magnético

Fluidos Magnetoreolégicos / Ferrofluidos
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Ferrofluido




Fluido Magnetoreoldgico
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Fluido Magnetoreoldgico
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FIGURE 9 | Dipole model-based hysteresis characteristics of MR fluids under
reciprocating displacement excitations: (A) large amplitude and (B)
small amplitude.

Bai & Chen. (2019)
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