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Observation of Fe 15-19 at%Ga, BCC alloy with a Giat Magnetostriction

up to 400 ppm

(A.E. Clark, J.B. Restorff, M. Wun-Fogle, T. Lograssg and D.L. Schlagel:IEEE Trans. On
Magnetics 2000, vol. 36, pp. 3238-40)
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Experimental facts relevant to a question about an origin of
Giant Magnetostriction in Fe-Ga

GM occurs within the BCC field of the Fe-Ga phase digram

History dependence of GMEI ;5 ~100 10° to ~400 10° vs 30-40° 10° in the BCC phase

Concomitant Giant (about 80% ) dastic softening of the elastic modulu€ = (C;, -C;,)/2
accompanying the GM. The modulus &, is roughly the same as imFe

Abnormal anisotropy of GM: Il ;,;; assumes a usual value commensurate with the value

for a Fe. Itis abouttwo orders of magnitude smaller thanl

Absence of the volume magnetostriction

Strong correlation between the composition of magrestriction maxima and the

equilibrium lines of the phase diagram




lkeda et al., 2002

Clark, Hathaway, Wun-Fogle,
Restoff, Lograsso, Keppens,
Petsculescu, Taylor, 2003
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These properties can be explained by Hd field-induced
reorientation of confined tetragonal nano-magnetic

precipitates of the precipitate ordered phase

A. Khachaturyan and D. Viehland, Mater. Trans. 38A,2308-2316; 38A, 2317-
2328(2007)

Requirements to a system

- The system Is a decomposing ferromagnetic cubic solid
solution

The product phase is also ferromagnetic and has the
tetragonal symmetry

- Precipitates of the product phase have nano-size




Model of Extrinsic GM:
condined cubic tetragonal martensitic transformation in nano-
precipitates of DO, ordered phase

There are three type of structural domains in thecubic®
tetragonal crystal lattice rearrangement:
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Extrinsic model of the macroscopic strain caused by
tetragonal axis reorientation

unit cells: cubic tetragonal . ' . unit cells: cubic tetragonal

=]




Effect of flip of magnetization in the parent phaseon orientation of
tetragonal nanomagnetic particle (exchange couplingf tetragonality
orientation and magnetization across interface)

M C axis
magnetization / D

bcc matrix )
tetragonal particle

/ — —

D B -
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If the magnetic correlation length is greater than the nanopatrticle size, the
coupling of spins across the interface is an exchan ge coupling. It aligns
magnetizations in parent phase and in the particle (red arrows ) in the same
direction.

If the magnetic anisotropy of the particle is suffi ciently strong, the tetragonality
axis of precipitate ( blue arrow ) should rotate to align the tetragonality axis (eas vy
magnetization direction) along the new magnetizatio n direction .
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tetragonal crystal lattice
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90°rotation of a structural domain does not
require a real “rigid body” lattice rotation.

It is produced by small atomic displacements
shown by arrows



Schematic of magnetic domain structure and microstructure of the dispersion
of FCT clusters in the K field of Fe-Ga. The clusters are shown by hatching;
the direction of hatching indicates the direction of the c-axes; arrows within
FCT clusters indicate the direction of magnetic moments; arrows outside the
nanoparticles indicate the direction of magnetization of the magnetic domains
in the bcc parent phase; and the blue and green lines designate possible 90°
and 180° magnetic domain boundaries of the bcc matrix.



Extrinsic model of GM

All these properties can be explained by Bl field-induced reorientation of confined

tetragonal nanomagnetic precipitates of the precipitate ordered Ipase

Requirements to a system with expected GM:

Decomposing ferromagnetic cubic solid solution

The product phase is ferromagnetic and has the teigonal symmetry

Precipitates of the product phase have nano-size

Are these predicted requirements met in Fe-Ga
system ?

Recent experiments show that they are
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Fig. 10. Phase equil oncerned with the b.c.c. phases in Fe-Ga
ystem in companson with those in Fe—Al system.

Fe-Ga phase diagram. Dash lines is
chemically similar Fe-Al phase diagram




Hint from chemically similar Fe-Al system:
TEM observation of coarsening-resistant nano-
particles of DO, phase

T°C 600

Warlimont H, Thomas G.,
Metal Science J., 4, 47, (1970)

400

at % Al

Dashed K field is a region of the phase diagram with observathano-particles
of the bcc-based ordered DQphase
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Atomic Density Field Modeling

(Khachaturyan, Problem of Matl Science, 1))78

dn(r)Ga —

L(r-rCD

dt a’n(r)Ga

L(r- r Q) is the probability of r  rc¢diffusion jump,
F is the free energy functional of occupation probalbities n(r)Ga;

N(r)s,is an evolving atomic density field defined on thbcc lattice sites

Free energyF includes the strain energy generated by atomic rads misfit







Fe-18.7at%Ga (110)

Calculated diffraction pattern in (100)* plane fardispersion of
coherent particles in the fcc cubic matrix formedtélyagonal Bain
Acta Mater. 2008 distortion (for crystal lattice parameters of B2B2uprecipitates).
Cross-like diffuse scattering is caused by elaskigplacements
generated by tetragonal clusters

A. Khachaturyan, Theory of Phase Transformations in Solids
Publishing House Nauka (Science), in Russian,1974 (pp. 1-382)

Xing, Du, McQueeney, Lagrasso,

Comment: similarity of diffraction patterns is an indication that the pattern from
Fe-Ga is generated by tetragonal (D§) precipitates in the cubic (bcc) matrix.



Map of diffuse intensity generated by tetragonal pecipitates in cubic matrix.
Crystal lattice is considered primitive



Recent low angle polarized neutron diffraction datado report that:

-Fe-19 at % Ga solid solution with Giant Magnetostriction 400x108is a
homogeneous BCC solid solution. It have nanomagnetic precipitate$ the
tetragonal DO, ordered phase of ~ 5 nm radius.

These patrticles flip their tetroganal axis and magnetization upon

application of stress or magnetic field.
(C. Mudivarthi, M. Laver, J. Cullen, A. Flatau,, M.Wu ttig, 2009)

These results together with High Resolution Electno Microscopic
data and Synchrotron Single Crystal Diffraction data validate the
nanomagnetic model of extrinsic Giant Magnetostricon in Fe-Ga
BCC alloys



Giant Magnetostriction in Fe-Ga:
observations and prediction of the model

GM occurs within the BCC field of the Fe-Ga phase diagram

History dependence of GMI (o, ~100 10° to ~400 10° vs 30-40" 10° in the
BCC phase

Concomitant Giant (about 80% ) elastic softening of the elastic modulu€ = (C;
-C,,)/2 accompanying the GM. The modulus ¢ is roughly the same as ilaFe

Abnormal anisotropy of GM: Il ;;,;; assumes a usual value commensurate with

the value fora Fe. Itis abouttwo orders of magnitude smaller thanl ;,,
Absence of the volume magnetostriction

Strong correlation between the composition of magnetostriction axima and the
equilibrium lines of the phase diagram



Conclusions

- We need nano-size magnetic particles to provide exahge coupling
of spins of the particles with those of the matrixlIt is 3-4 order of
magnitude greater than the Zeeman interaction

It is important to have nano-size to avoid magneti@and structural
domain formation, which would be detrimental to a cucial property,
that is an anhysteretic recoverable strain

We need a confined displacive transformation inside anopatrticles

because this is the displacive transformation strainrather than
Intrinsic magnetostriction that is a source of extmsic GM.

- There are strong indications that the Fe-Ga systensinot alone. Fe-
Ga just a generic example of a possible new class GM materials,

which, in fact, are magnetic relaxors. These magnet relaxors are
conceptually similar to the piezoelectric relaxors hat are

“champions” of the piezoelectric materials.










The cubic tetragonal transformation characteristics:

composition,c(r), and three structural parameters describing teragnal domains,
h,(r), hy(r), hy(r), with the orientations of c axis along [100], [01Jcand [001],

respectively
zu:bii: |’o;a:se2: = f:r:g;)n;lzplhase tcefr:g;)n;:ptase J :e:r;:g;)r?azli)haseb
CLr ) t . C” dF
fiet ):N(MN ) +2 (1 ,t)
It ac(r,t)
1A (r,t aF
Y= +2,(r1)
Tt ah,(r,t)

Phase Field Microelsticity (PFM) modeling



F=F(ch{h},..{h ) +Est({ch{h},...{h })

F o= [a02+b((Rh)2+.+( h)?)+ (Ghy,..h )V

V

E *"=E *"({c(n)}, {h(n)h{h(r),}....)



Sequence of transformations in the cubic tetragonal decomposition

Y. Ni, Y.M. Jin and A.G. Khachaturyan, Acta Mate., 3903(2007)



Appearance of hierarchical structure in the confined martensite (PFM modeling).

The cubic tetragonal displacive transformation within the preci[pitate. Three
different colors indicate the structural domains with different orientations of
the Bain axis. The computational volume is 128~ 128 ~ 128

Yong Ni and A. Khachaturyan









The H-field induced rearrangement of martensitic structure in
a confined state and anhysteretic or weakly hysteret extrinsic
glant magnetostriction

- What we need :

The formation of (preferably) single variant tetragonal nano-partides
in decomposition

Magnetic parent and precipitate phases to be magnetic

-What we expect?
Giant extrinsic magnetostriction.

The theoretical upper limit of the transformation-induced
magnetostricrtion is of the same order as the transformation s#in at

the cubic tetragonal transformation, this is, @~ c/a-1

This is within the &~ 1000-10,000 ppm range (usual numbers ~10-
100ppm). This would make the magnetostrictive material competate
with the piezoelectrics with a giant magnetostriction



DO, FCT(DO,,) Bain displacive transformation

DO,, cell shifted up

(a) the Bain orientation relations between unit cells ahe DO, bcc-based
cubic ordered phase

(a) the DO, fcc-based tetragonal (FCT) ordered phase obtained by the
diffusionless Bain distortion about the [001]bcc axis. The bluknes
Indicate a unit cell of the product DO, phase within a fragment of a unit
cell of the DO, phase







Intensity of diffuse scattering by elastic displacements
(tetragonal particles)

2
10 1= (caufeater ) D+ fofa) - fofdl gt @

(27, + (1- n)e))

Fan= (@ -@e)ne) 2T tqan 9 08 )

% Is the unit vector in the direction of the tetragbaxis,n is Poisson ratio

= & " &ee = G -8 are crystallographic parameters related to thetalriegtice
Bce 3.  parameters of the bcc phase and tetragonal indsisio

It follows from (2) that the intensity caused by cystal lattice distortion increases as
1/k at k O (close to fundamental reciprocal lattice points)and is strongly
anisotropic around fundamental reciprocal lattice wint (depends on the direction

n=k/k)

(_ jopx u( k)) - F(a.n) in (1) is found by exact solution of microelsticityequation for a
k dispersion of multiparticle tetragonal precipitates

In particular case of cubic precipitate in the cubc matrix and f, = f; , Eq. (1) is
reduced to the Huang equation



precipitates have nano-size
and both cubic and tetragonal phases are magnetic.



Outline of the model (continuation)

* Precipitates should be of nano-size to provide a
sufficient exchange coupling of magnetic
moments of a precipitate and the enveloping
magnetic domain of the bcc matrix across
cubic/tetragonal phase interfaces

Such precipitates within bcc single phase field
were well documented in the chemically similar
Fe-Al system and now in Fe-Ga




Predictions of the Model

1. Existence of tetragonal nano-precipitates

2. Two possible scenarios:

a. single- domain tetragonal DO, precipitates

b. multi-domain tetragonal DO,, precipitates






precipitation

or direct transformation

BCC . FCT (DQ,)

precipitation of transformed DO,, nanopatrticles
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Phase diagram of Fe-Al system with the K field (H. Warlimont and G. Thomas). The
blue lines show the A2 +DO3 two-phase field of the equilibrium phase diagram. The
A2 + DO; field between the left black and right blue line is the two-phase field of the
metastable coherent phase diagram. The K field is shown by hatching.



Mechanism of nano-dispersion formation

Schematic of a coherent precipitate
with a greater crystal lattice parameter

misfit?

A coherent precipitate with the crystal
lattice misfit always generates the elastic
strain.

The strain energy increase hinders the
formation of the precipitate



equilibrium (stress-free) diagram

600

400

DO,

v

30

at % Al

600

overlap of both

diagrams visualizes

K field

v

600

400

200

coherent phase diagram

B2,

A2

10 20 30
Fe e

at % Al

K field is single

phase field for the
coherent diagram and
two phase field for
equilibrium diagram

K state theory:
Khachaturyan,Theory of
Structural Transfpormations in

Fe —

% Solids Wiley, 1983



Mechanism of nano-dispersion formation (continuation)

K field and a role of excess vacancies

Because of crystal lattice misfit, coherent DOprecipitates raise too much
strain energy to be formed in the K field.

Only incoherent (stress-free) precipitates can form in Kield and only excess
vacancies can lift the coherency from the beginning of prediation

600
Dashed field is where nanodispersion of the

DO3 phasehas been observed

Warlimont H, Thomas G.
Metal Science J4, 47, (1970)

and Watanabe et al. found range of
formation of nano-precipitates of the DO
phase

400

at % Al



Schematic of a coherent precipitate with a
greater crystal lattice parameter

misfit 4

A coherent precipitate with the crystal lattice
misfit always generates the elastic strain.

The strain energy increase hinders the
formation of the precipitate



Lifting of coherency by vacancy loops

_ _ removing atomic
enrichment of the particle  |ayers by formation of

by large solute atoms two vacancy loop

()—10)

placing the inclusion with removed atomic layers

(vacancy loops) back into the matrix

the resultant incoherent stress-free nanoparticle.

There is no elastic strain




K field in the phase diagram and a role of
excess vacancies to form nano-precipitrates

(Khachaturyan, Theory of Structural Transformations in Solids, Wiley, 1983)

The most relevant and well known examples are
coarsening-resistant nano-precipitates of DO, are In Fe-

Al and of the B2 ordered phase in fcc Cu-Al.



- K field is a single-phasdield for a coherent
precipitation . However, it is also awo-phase
(BCC+DO,) field for a stress-free precipitation

- In the K field the misfit-induced stress is lifted
by excess vacancies

- Decomposition Iin the K field develops as
In a ternary alloy.

Vacancies in the K field play the role of the
third component



Confirmation of tetragonality of DO ; precipitates

TEM diffraction (SAD) of diffraction splitting in Fe 17at%Ga interpreted as the
effect Induced by tetragonally distorted nano-precipitates 0DO3 phase

L. Libao et al. / Physica B 365 (2005) 102—-108

reciprocal lattice
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Modeling is based on our Phase Field Approach



matnx s matrix
B coherentinclusion §

vacancy loop with b= §100] I
BN vacancy loop with b= [010] coherent inclusion

vacancy loops
along the (100) plane

vacancy loop
along the (010) plane

The preliminary 2D PFM modeling results for vacancyinduced stress-
elimination stabilizing nano-precipitates

Condensation of vacancies into a coherent precipitate.
The vacancies spontaneously form stress-relieving [100] andL[l] sessile vacancy

loops



Confirmed predictions of the extrinsic mechanism of
magnetostriction

- TEM observation of nano-particles within the same ¢ =~ omposition
range

-Obsevation of the diffuse scattering typical for the one observed
for tetragonal precipitates in the cubic matrix

- Vanishing of extrinsic magnetostriction for H Il [111],.:

1147 i about two orders of magnitude smaller than I, that assumes a
usual value commensurate with the value foa Fe.

-Vanishing of volume magnetostriction: case of reori entation of
pre-existing FCT domains

- Softening of C elastic modulus ( C=(C,; -C,,)/2) . This occurs only
if the reoriented nano-particles are tetragonal.



Confirmations of the model predictions:

Observations of nano-precipitates within the bcc stability
field of the Fe-Ga phase diagram

HRTEM micrograph of Fe-19-at %Ga

D. Viehland et al, Phys. Ref3 77, 104107 2008

Simulated image obtained by the back
Fourier transform of the filtered
scattering amplitudes of the (010)
reflections from the marked region in
lattice image



TEM observation of the FCT nano-precipitates

L. Libao et al. / Physica B 365 (2005) 102-108



OUTLINE

Domain Structure and Giant Response to the Applied Field

. Martensitic crystals and strain response to th@pplied stress
hysteretic and anhysteretic response.

Confined stress-induced rearrangement of structuratlomains:
superelasticity and abnormal softening

. Martensitic crystals and strain response to th@pplied magnetic
fleld and MSMA: hysteretic and anhysteretic response.

Confined H field-induced rearrangement of domains : a giant
magnetostriction



Confirmation of tetragonality of
nano-precipitates:

* By neutron diffraction data ( Viehland et al
submiited)

« By SAD (L. Libao et al. / Physica B 365
(2005) 102-108






