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MSMA ApplicationsMSMA Applications
Design of High Frequency
Active Material Actuators

Commercially available MSMA Actuators:
(source: http://www.adaptamat.com)

Stroke: 0.6 mm (max)

Frequency: DC...1000 Hz 

Force: 3 N (max)

Size: 11 x 23 x 21 mm 

Frequency: DC...100 Hz 

Stroke: 1 mm (max) 

Force: 1 kN (max) 

Size: 260 x 90 mmPotential application:Replacement of  
Motor, Gears and Belts in Sewing 
Machine with Magnetically Actuated 
MSMA Needle

� High Frequency Actuation: � 1000 Hz
� High mobility of twin boundaries that 

separate martensitic variants
� Conventional SMA Actuators: 

Temperature induced phase 
transformations (Two-way SME)
� � 5 Hz

www.adaptamat.com

MSMA
Needle

Coil



Coupling of Coupling of MagnetostaticMagnetostatic and Mechanical Problemand Mechanical Problem

Maxwell’s Equations (Magnetostatic):

m divDF = M

Mechanical Equilibrium Equations:
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Magnetic Body Force and Body Couple:

Coupling of Magnetic and Coupling of Magnetic and 
Mechanical EquationsMechanical Equations

�� Through Body Forces and Through Body Forces and 
Body CouplesBody Couples

�� Through Constitutive RelationsThrough Constitutive Relations
For Example:For Example:

Magneto-Mechanical Boundary Value Problems 
Relevant for Actuator Design:

( , , )=M M H



Constitutive Modeling of MSMA BehaviorConstitutive Modeling of MSMA Behavior

Constitutive Models for MSMAsConstitutive Models for MSMAs
�� Free Energy Minimization vs. Free Energy Minimization vs. 

Evolution of Thermodynamic StatesEvolution of Thermodynamic States

�� MicroMicro--scale vs. scale vs. 
Continuum scale vs. Continuum scale vs. 
MacroMacro--scalescale

�� 33--D vs. 1D vs. 1--DD

www.adaptamat.com
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Experimental Characterization of MSMAsExperimental Characterization of MSMAs

� MTS load frame to apply tension/compression mechanical loading
� Capability of varying applied magnetic field (currently 1.6 Tesla)
� Cooling in temperature chamber (liquid Nitrogen, -120 ºC)
� Controllable mechanical load, temperature and magnetic field rates (cyclic loading)
� Various material systems are being tested, e. g. NiMnGa, CoNiAl, CoNiGa

MagnetoMagneto--ThermoThermo--Mechanical Test FrameMechanical Test Frame

Mechanical Load

Magnetic Field



Introduction to Magnetic Shape Memory AlloysIntroduction to Magnetic Shape Memory Alloys

Magnetic Shape Memory Effect: Large recoverable magnetic field-
induced strains associated with the reorientation of martensitic variants

I. Karaman, Texas A&M University 2004.

Martensitic Phase Transformation
in (MSMAs)

Large magnetic field-induced strains in 
MSMA single crystals
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variant 3
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AusteniteAustenite

MartensiteMartensite

magnetic 
easy axes

Field biased selection of variants:
� Nonlinear hysteretic strain and 

magnetization response
� Large recoverable strains (� 10%)
� Materials: NiMnGa, FePd, CoNiAl -1
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Underlying MicroUnderlying Micro--Scale MechanismsScale Mechanisms

Martensitic Variants in 2-D
Configuration

Martensitic Variant Rearrangement/
Twin Boundary Motion

Magnetic Domain Wall Motion Rotation of Magnetization

H

HH negligible change in shape (magnetostriction)
and change in magnetization 

change in shape and magnetization 
y, [010]

x, [100]

variant 1

variant 2

no change in shape but
change in magnetization 



Visualization of Magnetic Domain StructureVisualization of Magnetic Domain Structure

8.0µm

H=100 Oe

3.3µm
More detailed 
work is underway

H=0 Oe

Magnetic Force Microscopy (MFM)

Likhachev, A. Sozinov and K. Ullakko, “Optimizing work output in
NiMnGa and other ferromagnetic shape memory alloys”, 
Proceedings of SPIE Conference on Smart Structures and Materials, 2002.

Optical Techniques

CoNiAl

CoNiAl

NiMnGa



MicroMicro--scale, scale, MesoMeso--Scale ConnectionScale Connection

variant 1

variant 2

4 possible magnetic 
domains in tetragonal 
martensite (ex. NiMnGa)
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Internal State Variables:
x: Martensitic Variant 2 

Volume Fraction
� : Magnetic Domain 2 

Volume Fraction
� i: Magnetization Rotation Angles



Phenomenological Modeling of MSMA BehaviorPhenomenological Modeling of MSMA Behavior

�� Formulation of Free Energy FunctionFormulation of Free Energy Function

�� Identification of independent state variablesIdentification of independent state variables

�� Introduction of internal state variables as motivated by microIntroduction of internal state variables as motivated by micro--structural structural 
mechanisms (sources of internal dissipation)mechanisms (sources of internal dissipation)

�� Physically relevant energy termsPhysically relevant energy terms

�� Thermodynamically Consistent Derivation of Constitutive EquationThermodynamically Consistent Derivation of Constitutive Equations s 
(Coleman(Coleman--Noll procedure)Noll procedure)

�� Constitutive relations for dependent state variablesConstitutive relations for dependent state variables

�� Driving forces conjugate to the rates of internal state variableDriving forces conjugate to the rates of internal state variabless

�� RateRate--Independent FormulationIndependent Formulation

�� Activation functions (yield surfaces) defining the onset and terActivation functions (yield surfaces) defining the onset and termination mination 
of internal mechanismsof internal mechanisms

�� Formulation of evolution equations for internal state variablesFormulation of evolution equations for internal state variables

�� Calibration of Model ParametersCalibration of Model Parameters



Phenomenological Constitutive Model for MSMAsPhenomenological Constitutive Model for MSMAs
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Gibbs Free Energy MSMA

Contributing Energy Terms:

� Elastic Strain Energy

� Zeeman Energy

� Magnetic Anisotropy 
Energy

Constitutive Consequences for the 
Dependent State Variables
(Coleman and Noll Procedure)
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MagnetizationElastic Strain

Independent State Variables
� s: Cauchy Stress Tensor
� H: Magnetic Field Strength

Internal State Variables
� x: Martensitic Variant Volume Fraction
� � : Magnetic Domain Volume Fraction
� � i: Magnetization Rotation Angles



Thermodynamic RestrictionsThermodynamic Restrictions
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Magnetization Rotation
is a reversible process!

� Rotation angles can be eliminated
in the formulation by enforcing
these additional constraints

Evolution of variant volume fraction xxxx and domain volume fraction :
� Rate independent formulation (only loading pathdependence)

� Reorientation function dictates onset and termination of reorientation process



22--D MagnetoD Magneto--Mechanical Loading CaseMechanical Loading Case
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Evolution of the Magnetic Domain StructureEvolution of the Magnetic Domain Structure
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Calibration of Model ParametersCalibration of Model Parameters

7 Material parameters
from 2 experiments needed
to calibrate the model

s(1,2) f(1,2) s(2,1) f(2,1), , ,H H H H

Exp. 2:  One strain hysteresis loop 
under constant stress (max. strain)

sat
1,K M

Exp. 1:  
Magnetization curves of constraint 
single crystal (no reorientation) 
along magnetic hard and easy axes

r,maxe 0 [ ]H Tm

MSM [%]e

-0.2 MPa

-1.0 MPa

Heczko et al. 2003

s(1,2)Hf(2,1)H

f(1,2)Hs(2,1)H

Example:  Heczko, O., Straka, L. and Ullakko, 
K., Journal de Physique IV 112, 2003.



Magnetic FieldMagnetic Field--Induced Strain HysteresisInduced Strain Hysteresis

0 [ ]yH Tm

[ ]r
xxe ×

-1 MPa

-1.2 MPa

-1.4 MPa

Heczko et al. 2003

Model Kiefer, Lagoudas

Predicted Features:
� Nonlinearity
� Hysteresis (size and 

shape stress dependent) 
� Stress dependence of 

max. reorientation strain
� First cycle effect

Hysteresis -1MPa:  
Model Simulation

Hysteresis -1.2, -1.4 MPa: 
Model Prediction



Interpretation of Model PredictionsInterpretation of Model Predictions
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Magnetic FieldMagnetic Field--Induced Magnetization HysteresisInduced Magnetization Hysteresis

Predicted Features:
� Initial linear curve due to 

magnetization rotation

� Nonlinear variation of
magnetization with 
variant reorientation

� Magnetic hysteresis
� Stress dependence of 

hysteresis size and shape

Note:Instantaneous switching 
of magnetization at H = 0 is a 
consequence of the assumed 
fixed domain structure!

sat

yM

M

- 1.0 Mpa
(Heczko et al. 2003)

- 1.0 Mpa

- 1.2 Mpa

0 [ ]yH Tm

Hysteresis -1.0 and -1.2 MPa:
Both Model Predictions!



Conclusions and Future WorkConclusions and Future Work

�� AccomplishmentsAccomplishments

�� Formulation of free energy based Formulation of free energy based 
phenomenological constitutive modelphenomenological constitutive model

�� Continuum scale approach with dissipative effects Continuum scale approach with dissipative effects 
through the evolution of internal state variables through the evolution of internal state variables 

�� Model parameter calibration scheme Model parameter calibration scheme 

�� Prediction of stress dependent strain hysteresis and Prediction of stress dependent strain hysteresis and 
magnetic hysteresis curves magnetic hysteresis curves 

�� Future WorkFuture Work

�� Prediction of mechanical detwinning Prediction of mechanical detwinning 

�� MagnetoMagneto--mechanical boundary value problems mechanical boundary value problems 
with MSMA constitutive behaviorwith MSMA constitutive behavior

Asymptotic expansionsAsymptotic expansions

FEM implementationFEM implementation


