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Highly textured Fe-Ga (Galfenol) rolled sheet with Cube (100)<100>Goss
(110)<100> preferred orientation is under investigation to provide easyeteajion, enhanced
magnetostrictive performance and a cost-effective option for pioduxf these alloys for use in
applications as sensors and actuators.

In this study, 1-2.5% NbC added Galfenol rolled sheet was useddeetdC particles
enhance the rollability of and abnormal grain growth (AGG) in pgstatline Galfenol rolled
sheet. Driving forces, due to grain boundary energy, surfacgyersgeformation energy and
magnetic fields are generally considered to explain grain grpttnomena. In this dissertation,
the effect on grain boundary energy for influencing AGG was glufie the case of high
temperature annealing at 1200°C. Both Coincident Site Lattice)(@& High Energy Grain
Boundary (HEGB) models were investigated as possible mechatasrplain the contribution
of grain boundary energy to Goss-textured AGG. Results support {68 iHtbdel as a suitable

model for the observed development of Goss-textured AGG in Galfened rsitleet. Next, the

effect of deformation energy on AGG was studied by using danannealing and strain



annealing methods in the temperature range of 900°C to 1100°C. Tdysists built on results
from studies of grain boundary energy on other alloys. For the teasimgaling investigation,
Galfenol rolled sheet was simultaneously subjected to tensiéntpauring high temperature
annealing. No AGG was observed from the tension annealing methotheFstrain-annealing
investigation, homogeneously recrystallized Galfenol rolled shitkta taper was subjected to
tensile loading under different strain rates and post-strain aigpdrature anneal conditions to
investigate the resultant grain growth phenomena. Different grawtlgromodes, including
Cube- and Goss-textured AGG, were observed in this study. Assasef the extent of AGG
resulting from these was conducted using Electron Backscatteiifigction (EBSD) patterns
that were captured and analyzed using Orientation Imaging Microscop¢ §OfiMare to obtain
Inverse Pole Figures (IPF) and Orientation Distribution FunctiddH)OAdditionally, Ga loss,
which lowers the magnetostrictive properties, under different dgonditwas investigated by
Electron Probe Micro Analyzer (EPMA). No significant Ga losaswobserved during the
annealing process at 1000°C, however, about 2% Ga loss was obderverdthe annealing

process at 1100°C and 1200°C in the areas with a high density of grain boundaries.
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Chapter 1. Introduction

1.1 Motivation

There are various smart materials for similar applicatierh sas actuator and/or sensor.
Each material has different driving force to change its shapéagdhow different mechanical
properties. Table 1 shows a list of common smart materials théir free strain, modulus,

tensile strength and actuation requirentéht.

Table 1. List of common smart materials

(Table from reference 1-3)

Free Tensile .
Material Type Strain l\%gi)u:;s Strength reA‘:il::zloel:lt Linearity
(ppm) (MPa) | ™
Piczoelectric — 276 3 kV/cW Flrst—order
P7I-SH 1000 ~68 (Brittle) (Electric linear (small
e Field) hysleresis)
~20 . .
g . Heating Highly non-
SMA - Nitinol 60,000 (martinsite) ng.h through ~60° | lincar (large
~30 (Ductile) C hysteresis)
(austenite) Y
Magnetostrictive - | 1600- 5535 28 a\}lggge?iz ?;2;;:::;
Terfenol-D 2400 (Brittle) Ficld) hystorosis)
Magnetostrictive - 500 ~100 Oe Non-lincar
Single Crystal 300-400 ~60 (Ductile- | (Magnetic a oh feresis)
Galfenol like) Field) OW lysLeresis

The driving force to change the shape of Piezoelectric miatdiie@ PZT, is electric field and it
shows about 1000ppm free strain. Its modulus is about 68GPa and a teesgdéhss nearly
28MPa. This material has been used for actuator with different .sHapesver, due to its low

tensile strength it has some restriction under vibration atmaspheother smart material in this

1



table is Shape Memory Alloy (SMA) such as Nitinol. Its drivingce is thermal energy and it
shows significantly higher free strain than other smart madgéeas 60,000ppm. It has been used
for military, medical, safety, and robotics applications withvdsy high free strain. However,
there are still some difficulties that must be overcome befoey can live up to their full
potential. These alloys are still relatively expensive to netufe and machine compared to
other materials such as steel and aluminum. Most SMAs have pigoefaroperties; this means
that while under the same loading conditions (i.e. twisting, bending, essipg) a steel
component may survive for more than one hundred times more cycles tisiviAaelement.
Magnetostrictive material like Terfenol-D or single crysgalfenol is another type of smart
material. These materials work due to magnetic field. As showims table 1, the free strain of
Terfenol-D is almost 6 times higher than the one of single alrgzalfenol. However, in this
study, single crystal Galfenol was focused upon due to its bettelnanical properties. Unlike
Terfenol-D, Galfenol is tough (500MPa tensile strength), thusnitbeamachined and used in
devices in which Terfenol-D may fracture.

Single crystal Galfenol with Cube texture (100)<001> or Gosture (110)<001>
exhibits magnetostriction on the order of 400ppm or 300ppm at low appligdetia field
(1000e), respectively as shown in Table 1. Making single crysadem®l with a traditional
crystal growth method is expensive for industrial application. Onather hand, making
polycrystal Galfenol is relatively inexpensive, however, it shaweh lower magnetostrictive
performance than the one of single crystal Galfenol. In 2009, Naspablon the abnormal
grain growth with Goss texture and magnetostriction in recriggéllGalfenol. The results in
that publication present that Goss-textured abnormal grain growW®&G) grew to several

millimeter, and an increase of magnetostriction of from 28 to 163pfiar annealing at



1200°C* ETREMA Products, Inc. develops and manufactures magnetostrictteeiatsasuch as
Terfenol-D and Galfenol, but much of their work involves growth of pgbtedline material.
They are also investigating methods for rolling Galfenol and aicigénighly textured material.
Researchers from ETREMA served on the advisory board for tharcas@rogram that
supported this research.

Thus motivated by these results on AGG of Goss texture, the understanding andamaking
single crystal-like Galfenol rolled sheet through AGG phenomeing @ inexpensive method
caused by solid state transformation of polycrystalline Galfeoll@dd sheet was studied in this
dissertation. The schematic diagram shown in Figure 1 illustizesternative path to Galfenol

single crystal growth to be studied.

Single-crystal Poly-crystal
Fe-G? Alloy |nexpens |ve($) Fe-GfaAIon

Solid state transformation
{Rolling & Annealing)

Inex sive

$)

Liquid
Fe-GaAlloy

Figure 1 Schematic indicating solid state transformation of polyciystdle-Ga
alloy as an inexpensive alternative to single crystal growth of FaliGa



1.2 Synopsis of Dissertation Chapters

Chapter 2

This chapter provides an overview of magnetostriction, Galfenol, lovgiabl factors
affecting the magnetic properties of materials, various phenonesaé from high temperature
annealing with a deformed material, stored energy for grain bounudability, and the

geometrical characterization for grain boundary energy.

Chapter 3

The geometrical characterization of grain size and orientatidgnrekates to the role of
misorientation angle and coincident site lattice (CSL) boundaripsomoting AGG in Galfenol
rolled sheet will be explained. The high percentage of high energlgle angle misorientation
(20° - 45°) boundaries around abnormally grown Goss grains supports then@ggy grain

boundary (HEGB) model for Goss-textured AGG in 1.0% NbC added Galfenol rolled sheet.

Chapter 4

The tension annealing method will be described to investigate thefusmsion to
promote dynamic recrystallization for AGG in 1.0% NbC added Galfesltdd sheet as an
approach for altering grain boundary energy that will be describedhapter 3. Tension
annealing produces an increase in the area fraction of culbeetextd {111} grains relative to
what was observed with no tension annealing, however, no dynamistaediczgtion (DRX)

with AGG is observed from this process.



Chapter 5

The strain annealing method will be described to identify the defmnmanergy and
strain effects as alternative approach to tension annealingtfoduicing on AGG in 1.0% NbC
added Galfenol rolled sheet. Tapered dog bone samples will be usk &tudy to investigate
the different strain and deformation effect from one sample.dTtabe- and Goss-textured
strain-induced AGG was observed in ductile fractured samples thatemsiened at 500°C with

1x10%s displacement rate.

Chapter 6

The Ga loss through the grain boundaries during high temperatureiagmeatcess will
be investigated. For a 4-hour long, high temperature anneal at 1200%4® anitial composition
of 18.7% Ga, rate of Ga loss varied with density of grain boundatrasm Snneal at 1000°C did
not exhibit Ga loss, while anneals at 1100°C and above exhibited Gat ladss that depended

on density of grain boundaries and temperature.

Thus, various effects including particle (NbC) effect, grain boundsergy effect,
deformation energy effect and strain effect on AGG in Galfesitdd sheet will be illustrated in
this dissertation. Also, this dissertation will suggest the piisgito decrease the annealing
temperature and form Goss and Cube-textured AGG by controlling ithiegdiorces for grain

growth.



Chapter 2: Literature Review

2.1 Magnetostriction

2.1.1 Basic Concept of Magnetostriction

Magnetostriction}, is defined as the phenomenon in which a magnetic body shrinks or
expands in the direction of the magnetization as a function of theitnde an applied magnetic
field. Nearly all ferromagnetic materials exhibit some aswable magnetostriction.
Magnetostrictiony, is the % strainA=AL/L, where L is the initial length of the material in its
un-magnetized state, amd is the resultant strain as change in length under magtieta (H),
along a given direction. Examples of common magnetostrictivenfaignetic materials are Fe,
Ni and Co, which have maximum magnetostrictive strain on the order of 18%Atitionally,
Terfenol-D (Th sDyo /&) has been developed which generates giant magnetostrictive trai
the order of 1000 x 10° Figure 2(a) illustrates that along with an increase igtten the
direction of the field, there is also a decrease in length ipéhgendicular directions, and as a
result of this, the total volume of the rod remains nearly constaménVein external magnetic
field is applied, the domains which are aligned most closely \wghekternal field will grow
while all other domains will be reduced in size. Depending on tleatation of the crystal, there
will be some cases where electron orbitals cannot become dligitle the direction of the
external magnetic field without an increase in distancedmtvihe atoms or ions. These changes
in distance may cause the crystal structure to become eldnigatee same direction as the
magnetic field. Figure 2(b) shows two important properties ajmastriction. First, for high

values of H,A eventually reaches a constant valyg, indicating saturation; secondly the



magnetostrictionh changes with the magnitude of H and that the response to paiti/e

negative values of H of a given magnitude are the $&m#&:*

(a) (b)
AL/L
=g 5 rd
=] |/
*1 \l/
3 v/
0 H

Figure 2 Joule magnetostriction. (a) Changes in shape in response to the nfie¢phétic
(b) Relationship between H ahdAL/L.

2.1.2 Application

In general, magnetostrictive materials are used in actuatidnsansing applications in
variety of mechanical circumstances. The main applications iwatmt are sonar
transducer$?****!* linear motors?*’ and rotational motor$**?° Also, the most common

applications in sensors are torque sensofsand force sensofs.



2.1.3 Measurement of Magnetostriction

For crystalline materials, use of a strain gauge isntlost common method to measure
magnetostriction. The advantage of this method is that it carsdéx over a wide temperature
range and is less expensive than other methods, although they an@aidé $or wires or thin
films.?®> A schematic of a typical strain gauge is illustrated gufé 3(a) and an actual attached
strain gauge image is shown in Figure 3(b). It consiststhin film with a wire attached to it,
which meanders over an area of film. The electrical resistainitee wire alters in proportion to
the amount of strain it experiences. As the gauge is straiseasistance increases. However,
the variation in resistance is very small, thus a WheatstadgeBiris necessary to achieve a
useful signal to noise ratio. This method is convenient for studiange or moderate

magnetostriction above f0

(a) allignment marks (b)

h‘!solder tabs

A ‘ |

active grid
length

carrier

Figure 3(a) Schematic of a strain gauge from reference 6 (b) phatstrain gauge

on a rolled sheet sample.



2.2 Galfenol

2.2.1 General Information

In materials science, Galfenol is the general term fallay of iron and gallium. The name
was first given to iron-gallium alloys by United Stateavi researchers in 1998 when they
discovered that adding gallium to iron could amplify iron's magnéttee effect up to
tenfold?® Over the past decades, Fe-Ga alloys have attracted camédinterest due to their
large saturation magnetostrictive potential (400ppm) in low appliechetiagfields (1000e),
very low hysteresis, while demonstrating high tensile stren@®0MPa), and limited
dependence of magneto mechanical properties on temperatures bet@f&emnd 80°G®?*2®
Furthermore, the ability of this alloy to withstand shock loadshamsh operating environments
and to operate in tension is likely to extensively expand the despgee for use of

magnetostrictive materials in the field of smart structures.

2.2.2 Magnetostriction in Galfenol

Clark et al. investigated the effect of Ga addition in simgiestal iron and found an
increase of magnetostrictiof1fo).>° Figure 4 illustrates magnetostriction as a function of Ga
content in single crystal Galfen®).These data were obtained by measuring the saturation
magnetostriction of single crystal Galfenol samples that had bgposed to homogenizing
thermal treatments followed by exposure to various cooling conditiansfurnace cooled or

water quenched. One data point for magnetostriction of a diredyiosalidified Galfenol
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sample without annealing is also shown. As shown in Figure 4, a maxmnagmnetostriction of

400ppm occurred from a water quenched sample that had a composition of 19% Ga.

400F Fe, Ga_ )
350F Qe ©
@ " 300} By o %
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b
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Figure 4 Magnetostriction as a function of Ga content in single crystr®akubjected

to the different processing protocols indicated. (image from clark et al. (30))

Studies on structural transformations in Galfenol were explored.dgyasso et al.
specifically focusing on single crystal 19at% Ga samgiaswere subjected to various thermal
treatments and then analyzed using powder X-ray diffradtiorhey confirmed that the
formation of DG and/or B2 phase can be prevented by rapid cooling. Many extensivessbadi
the effect of thermal history and Ga composition have shown thir®hivith DG phase has a
long range ordering of Ga atoms which lowers the magnetostriétior**Based on these
backgrounds, 19at% Galfenol was used in this study and all the samwgyke water quenched to

prevent the formation of D£and/or B2 phase.
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2.3 Metallurgical Factors affecting the Magnetic Poperties

2.3.1 Crystallographic Texture

The magnetic properties are dependent on crystallographic tioenta bcc iron (cubic
structure), the easy magnetic direction, i.e. the direction alonchwhé magnetization process
occurs most readily, is the <100> direction. The saturation magtieti value M is the same
for all directions of magnetization, but to reach saturation alofigreint directions requires
different levels of applied field H. A low H is required in ®&€00> direction, which is sketched

from Honda and Kaya in reference 36 to illustrate this phenomena as shown in Figure 5.

m. F/

0

Figure 5 Magnetization curves for the <100>, <110> and <111> directions of amlxicn c
single crystal. (image from Honda and Kaya (36))

It is also reported that the <001> is the easiest directiohifir magnetostriction in
cubic crystaf’ As rolled polycrystalline material exhibits many grains hwitandom

crystallographic orientation along the rolling direction. Texturingdevelop a preferential
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crystallographic orientation has long been used to maximize the titagraperties in metals.
The development of a “Cube texture” {100}<001> or “Goss texture” {110}<001> atbeg
rolling direction is needed to maximize the magnetostrictive ptiegein polycrystalline
Galfenol. These two textures are of interest because theytvavand one in-plane <001> axis
respectively which will promote easy magnetization and largerateon magnetostriction.
Figure 6 shows the in-plane <001> axis from well aligned Gosd- Gube textures in a

polycrystalline rolled sheét.

110}<001> Goss texture 100}<001> Cube texture
.1

lling Rolling
Direction Direction

Figure 6 Schematic diagram of well aligned Goss and Cube textures yceyptalline

rolled sheet. (images from Na and Flatau (38))

2.3.2 Grain Boundary

Grain boundaries act as pinning sites that impede magnetic domkimatian***° and
are a source of energy losses in changing magnetic fields; howibegralso increase the
mechanical properties of materfalControlling density of grain boundary is important for

design of materials with superior magnetic performance and excekehtamcal properties.
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2.4 The Annealing of a Deformed Material

High temperature annealing processes are used for texturingystélline rolled sheet
samples?* Figure 7 shows a schematic diagram from Humphreys and Hetf@#)yof a

typical annealing process.

(d)

(e) (f

Figure 7 Schematic diagram of a typical annealing procgsBgfmrmed state; (b) Recovered
meta-stable state; (c) Partially recrystallized; Fdilly recrystallized; (e) Grain growth; (f)

Abnormal grain growth. (image from Humphreys and Hatherly (42))
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During deformation, the free energy in a sample increases atdréxl in dislocations
and interfaces. A metal containing these defects is thermougally unstable. Although it is
suggested that the defects should spontaneously disappear, in practiecdhsary atomic
mechanisms are often very slow at low homologous temperatutbsthe result that unstable
defect structures are retained after deformation as showngimeF7(a). If the material is
subsequently heated to a high temperature, the defect struct@esi®tmed through thermally
activated processes such as solid state diffusion which provide nmeokanhereby the defects
may be removed or alternatively arranged in configurationsveéi energy. By annealing a cold
worked metal at an elevated temperature, the microstructurdamidperties may be partially
restored to their original values by “recovery” in which anntlila and rearrangement of the
dislocation occuré? The microstructural changes during recovery are relativelyogemeous
and do not affect the boundaries between deformed grains, as shown in7fijuRRecovery is
a meta-stable state, because the removal of dislocatiotuséris only partial. At an elevated
temperature, further restoration with dislocation-free grainsurgsc at a deformed and/or
recovered structure. This process is called “(primary) redhygstion”. This process consists of
the nucleation and production of new grains, possessing lower densdigloations and
thermodynamically lower energy than in the recovery §tdféThese new grains then grow and
consume the old grains with thermodynamically high energy. &ig{a) shows nucleation and a
partially recrystallized state. A fully recrystallizethte is shown in Figure 7(d). Though this
process removes many dislocations, the material still contaaia oundaries, which are
thermodynamically unstable. Further annealing may resultrairiggrowth”, in which the grain
size increases. If this process changes the grain size bosmgsly, this is called “normal grain

growth” (Figure 7(e)). In certain circumstances this ma gvay to the selective grain growth
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and this process is known as “abnormal grain growth” (AGG) orots#ary recrystallization”
(Figure 7(f)). Some annealing processes, such as recoveryantal grain growth occur

homogeneously, whereas others such as recrystallization and AGG are vergdmateus.

2.4.1 Primary Recrystallization

The thermodynamically unstable defect structure createaldyralling is eliminated by
nucleation and grain growth during high temperature annealing. This paeaonis called
primary recrystallization in order to distinguish it from thegass of exaggerated grain growth
which may occur in fully recrystallized material. It is conmsmt to divide primary
recrystallization into two regimes—nucleation, which correspondsdanitial occurrence of
new grains in the microstructure, and growth, during which thegraims form in the deformed
material. The progress of recrystallization with time duisgthermal annealing is commonly
represented by a plot of the volume fraction of material reatigstd as a function of the log of
time. This plot takes on the characteristic sigmoidal form showkigure 8, and usually
includes an apparent incubation time before recrystallization octhrs.is followed by an
increasing rate of recrystallization, a linear region, andllyina decreasing rate of

recrystallization mainly due to the impingement of growing grains upon one another.

15



e

Impingement of
Growing grains

Nucleation

,

Fraction Recrystallized

Log Time
Figure 8 Typical recrystallization kinetics during isothermal anngali

(image from Humphreys and Hatherly (42))

2.4.1.1 The Laws of Primary Recrystallization

The laws of primary recrystallization are obeyed in mostsasd are easily rationalized
if recrystallization is considered to be a nucleation and grgagnomenon, controlled by
thermally activated processes, for which the driving forqgaasided by the stored deformation

energy***"“® These laws are summarized as follows:

16



- A minimum deformation is needed to initiate recrystallization.

Sufficient deformation is necessary to produce a nucleus for grain ta&trpaion and to
provide the necessary driving force to sustain its growth.

- The temperature at which recrystallization occurs decreases as strain-induced stored energy
increases.

The microscopic mechanisms controlling recrystallization are theymedtivated and the
relationship between the recrystallization rate and the temperatugiven by the Arrhenius
equation.

- The temperature at which recrystallization occurs decreases as strain increases.

The stored energy, which provides the driving force for recrystatiizaincreases with strain.
As a result in highly deformed material, both nucleation and grain growth are rapid or
occur at lower temperatures.

- Therecrystallized grain size depends primarily on the amount of deformation, being smaller
for large amounts of deformation.

A higher strain will provide more nucleation sites per unit volume lnsl & smaller final grain
size will be obtained in highly deformed regions during the annealing process.

- For a given amount of deformation the recrystallization temperature will be increased by a
larger starting grain size.

Grain boundaries are a favored site for nucleation. Because the dengtainfboundaries
decreases with increasing grain size, a large initial grain size gesvfewer nucleation sites,

causing a reduction in the nucleation rate and in the rate of recrystallization decreases.
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2.4.1.2 Nucleation for Recrystallization

The nucleation for recrystallization is a critical factordetermining both the size and
orientation of recrystallized grains. Thus, there has beemdicagmnt amount of work aimed at
understanding how recrystallization nucleates. Bufgdnst speculated that recrystallization
probably nucleates at preexisting crystallites in the deformatkrial. Burke and Turnbull
(1952¥° considered nucleation as a random atomic fluctuation leading tforination of a
small crystallite with a high angle grain boundary. Such a wosclgould be stable if the
difference in energy between the local deformed state ancetngstallized state were larger
than the energy of the interface produced in forming the nuclebs. nucleation of
recrystallization in this scenario can be considered to be discontisubgsain growth at sites
of high strain energy and orientation gradient. The nucleation sitesalso important in
determining grain viability. Grain boundaries, transition bands andr dbeads are three
representative nucleation sifésA transition band separates parts of a grain which have split
during deformation into regions of different orientattdregions of large orientation gradient,
and an ideal sites for recrystallization. Recrystallizatiomaansition bands was first reported by
Hu in iron®? Shear bands are thin regions of highly strained material typimééinted at ~35° to
the rolling plane. They arise as a result of strain heterdgeshge to instability during rolling,
and their formation is strongly dependent on the deformation conditisnwel as the

compositior??
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2.4.2 Dynamic Recrystallization

In dynamic recrystallization, as opposed to static recritithn, the nucleation and
growth of new grains occurs during deformation rather thamedtds as part of a separate heat
treatment. Dynamic recrystallization may take place rwhecritical deformation condition is
reached® New grains originate at the existing grain boundaries; howevetheasnaterial
continues to deform, the dislocation density of the new grains sesedhus reducing the
driving force for their further growth, and the recrystallizgrgins eventually cease to grow. An
additional factor which may limit the growth of the new grainthéesnucleation of further grains
at the migrating boundariés> In chapter 4, tension annealing method for AGG is explained

based on this dynamic recrystallization phenomenon.

2.4.3 Grain Growth

2.4.3.1 Factors Influencing Grain Growth

“Temperature” is significant factor for grain growth. Graiowth involves the migration
of high energy grain boundaries and the kinetics of grain growlihtiverefore be strongly
influenced by the temperature dependence of grain boundary mohAdityre driving force for
grain growth is usually very small, significant grain grovgloften observed only at very high
temperatures.

Another factor influencing the grain growth is “specimen thickn&s%he rate of grain

growth decreases when the grain size becomes greater thaickiness of a sheet of sample. In
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this situation the grains are curved only in one direction rdtrer two, and therefore, the
driving force for grain growth is diminished. In addition, where grain baueslantersect the
surface, grooves due to thermal etching, may develop that will also impedggaih.

“Grain boundary pinning” by solut¥sand by second phase particfeslisrupts the
influence of temperature and thickness effects on the developmennhwdlremd abnormal grain
growth. Finally, a strongly textured material inevitably camanany low angle boundaries, and

there is thus a reduced driving force for grain growth.

2.4.3.2 Driving Forces for Boundary Migration

Common sources of boundary migration driving force are shown ire Rafdlhe driving
force for grain boundary migration P has the dimensions of enengurpt volume, which is
conceptually equivalent to a pressure — a force acting per uaitoawrea grain boundary. In
general, a driving force for grain boundary migration occursaflioundary displacement leads
to a decrease of the total free energy of the system. meiple, a gradient of any intensive
thermodynamic variable offers a source of such a driving forogradient of temperature,
pressure, density of defects, density of energy, contents of impariagnetic field strength

and so on. However, not all theoretically possible driving forces can beetkadipractice?
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Table 2 Driving forces for grain boundary migration

(Table from Gottstein and Shvindlerman (59))

Source Equation Approximate value of parameters Estimated driving
force in MPa
Stored p= dislocation density (10'%/m?) 10
deformation P=_pub® i i -
energy pb22= dislocation energy (10%J/m)
Grain 26 o,= grain boundary energy (0.5J/m?) 102
boundary P= L R= grain boundary radius of curvature
4,
energy R (10"m)
Surface A6 d= sample thickness (103m) 2-104
energy P= Ao®= surface energy difference of two
d neighboring grains (0.1 J/m?)
Chemical Co=concentration 6-102
driving force | £ = R(I; —1,)C,InC, |  =max. solubility at Ty
Ti(<Ty) annealing temperature
(5% Ag in Cu at 300°C)
Magnetic field Hy HA ¥ H= magnetic field strength (107A/m) 35104
P=""- Ay= difference of magnetic susceptibilities
2 (1.8-107(250°C))
(cos> @, —cos’ @) | ©= angle between c-axis and field
L 27| direction (©,=0°; ©,=90")
Elastic energy P i 1 1 1= elastic stress (10MPa) 2510+
- 2 E E E1, E2= elastic modulie of neighboring
L grains (10°MPa)
AS= entropy difference between grain 4-10°
Temperature i boundary and crystal (approx. equivalent
rz; ent P= w to melting entropy) ~8-103J/K-mol
g O grad T= temperature gradient ~10*K/m

2A= grain boundary thickness ~5-10-"°m
Qa= Molar volume ~10cm?mol
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The origin of driving forces and their approximate magnitudedisted in Table 2 that is
presented by Gottstein and Shvindlerman in reference 59. An exctss diensity of defects
(e.g. dislocation) in one of the adjoining grains is a powerful souraeda¥ing force. There are
several advantages to this type of driving force. For defoomanergy, advantages include:
ease of fabrication, excellent reproducibility, variation of thgmtade of driving force within a
wide range up to a very large force. The energy of low angl@ ¢poundaries are proved as a
driving force for boundary migration by Aust, K.T. and Rutter, S%#:°*They investigated the
striation substructure that provided the driving force for grain boundagyration, since
migration of a grain boundary frees the crystal from thatsins. The anisotropy of the surface
tension of the free surfaces of a bicrystal represents a séarceriving grain boundary
migration® It is known that the optimal value of P in this case is aboliMEG. The anisotropy
of any physical properties, e.g. the elastic constants or the magneéptgibty, can be utilized
as a source of driving force for grain boundary migration. Thanoafthe driving force for
boundary migration in a magnetically anisotropic material wasidered by Mullin§® Another
major driving force is a temperature gradient. In this ¢heeoptimal value of P is about 10
*MPa>®

Among many possible driving forces, grain boundary energy and deformgirain)

energy were the focus of this study.
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2.4.4 Abnormal Grain Growth

(Secondary Recrystallization)

Grain growth in concerned, it can be divided into two major typesnal grain growth
(NGG) and abnormal grain growth (AGG). AGG (secondary redliysii#on) takes place in
order to reduce the interfacial regions and thus the overallgenefr the system. This
phenomenon takes place when the already recrystallized msefalther annealed at high
temperatures and is often associated with the presence of precipitates.

During NGG, the microstructure changes in a rather uniform wdlg, a relatively narrow
range of grain sizes and shapes. The schematic representatibguie 9(a) that is from
Humphreys and Hatherly (42) shows the nearly unaltered shape chanipe baerage grain
size slightly shifts towards the higher values.

In case of secondary recrystallization (AGG), a few grainthe microstructure grow and
consume the matrix of smaller grains and a bimodal grain sizédigon develops. However,
eventually these large grains impinge on one another and normabgraith may then resume
as shown in Figure 9(8¥.

As was the case for NGG, the reduction of grain boundary enetgg imain driving force
for abnormal grain growth. AGG is not expected to occur where there arguntias and grain
boundary energy is constant. Under ideal conditions, a very largewjithalways grow more
slowly than the grains of average size and they will eventuajgin the normal size

distribution®*®° Thus AGG cannot occur under conditions that are ideal for NGG.
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The abnormally growing grain has some advantage over its neighbdras a result a

secondary recrystallized texture is developed. There are seamditiate factors that influence

AGG such as second phase partiéfasxture and the effect of surface ené&fg

Fripquency

Frequency

Figure 9 Schematic representation of the change in grain size distributiog @rNGG and
(b) AGG. (images from Humphreys and Hatherly (42))
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2.4.5 The Effect of Deformation for Grain Growth

It has long been known that a small prior plastic strain mayepit normal grain growth and
promote the onset of anomalous grain growth. This is classifiet@gring due to primary
recrystallization due to strain induced boundary migration (SIBifjer than as a grain growth

phenomenofi®"°

2.4.5.1 Strain Induced Boundary Migration (SIBM)

Strain Induced Boundary Migration (SIBM) was first reported Beck and Sperry
(1950Y* and has been observed in variety of metals by other researtheysfound that this
mechanism is particularly important after low strains. SubsequeB#llier and Dohertyf
confirmed that SIBM was the dominant recrystallization mechaniem reductions by
compression of less than 20% in rolled Al. The driving force for Si8presumed to arise from
a difference in dislocation density on opposite sides of thia gaundary. However, the origin
of the differential dislocation density required for the operatiomigfrnechanism is not entirely
clear. The SIBM mechanism is explained by Humphreys and Hgthést a simple bi-crystal

case as shown in Figure 10.
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Figure 10 Schematic diagrams explaining a theoretical modebIBM. (a) Undeformed
boundary state with different dislocation densipiesandp2that are composed of grains of high
stored energy, £-and low stored energyzHespectively. (b) Strain-induced deformation moves
grains 1 and 2 in opposite directions and the dragging of the dislosttiarture behind the
migrating boundary of deformed grain 2 occurs at the interf@@ The migration boundary is
free from the dislocation structurél(imphreys and Hatherly (42))

As shown in Figure 10(b), deformed grain 1 has energwliich is higher than the
energy & in deformed grain 2, £=0.5:Gb?) > Ex(=0.5,Gb%).” The higher energy grains drag
along a pocket of lower energy grains. Finally, they form a nelescdison free region at the
interface. Here, E is the stored deformation energy, which carxgaireed in terms of the
dislocation densityp. G is shear modulus, and b is the magnitude of Burgers vector. This implies
that the dislocation density in grain 1 is greater than thataim @. A larger dislocation density

corresponds to a smaller subgrain size according to below equation.
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1/2

pli=co (2-1)

This equation shows the relationship between subgrain size and the dislocationvdérisitye
subgrains. Herej is the subgrain diameter afd is constant. Thus, larger subgrains correspond
to a lower dislocation density.

A deformed grain with smaller subgrain size has higheedtenergy than one with a
larger subgrain size. As a result, it is expected that thegmains that come from an SIBM
mechanism grow from the larger subgrain size region (graint@)the smaller subgrain size
region (grainl) through the bulging pre-existing high angle boursgddfigure 11 shows optical
images of SIBM in Al and Cu, taken from Bellier, Sperry (723 duailey, Hirsch (74),

respectively.

—_—
lpm §

Figure 11 (a) An optical micrograph showing SIBM in Al (Bellead Doherty 1977), (b) TEM
image of SIBM in Cu deformed 14% in tension and annealed 5 minu#xlaE (images from

Bellier, Sperry (72) and Bailey, Hirsch (74), respectively)
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Figure 11(b) shows the dislocation density of the bulge region, ghhlower than that
of the parent grain, is significant, in agreement with Figure 1&dd) (c). SIBM involves the
bulging of part of a preexisting grain boundary, leaving a dagioe-free region behind the
migrating boundary as shown in Figure 10(c). In this case, #@we grains have similar
orientations to the old grains from which they have grown. This mechaisisespecially
important after low strains, i.e. strains at the micro scalglr@ady mentioned. It could result
directly from the deformation process, because it is known thatishecation storage rate may
be dependent on grain orientation and be different in the boundary region. Hatveweld also
arise from preferential recovery in the vicinity of a grain boupndehich might increase the

subgrain size and hence lower the dislocation density on one side of the botfndary.

2.5 Deformation Energy and Mobility

Deformation energy from metal forming provides the driving foroe gubsequent
microstructure phenomena during annealing. Every annealing procesgesilads of some of
the stored deformation energy and a corresponding change in micragtruthe change in
microstructure is an important phenomena because it controls balbwbl®pment and growth
of the nuclei that will become recrystallized grains. Duriefpdmation the orientation of single
crystals and of the individual grains of a polycrystalline metahge relative to the direction of
the applied stress. This change is not usually random and involves tatation associated with

the crystallography of the deformation.
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2.5.1 Stored Enerqgy

Most of the energy in deforming a metal is given out as heatverydsmall amount of
energy remains as stored energy in the metal. This storegyetimat was introduced during
deformation is derived from the point defects and dislocations genetated) deformation.
Only a small amount of the stored energy results from point defeach as vacancies, while
most of the stored energy, around 80-90%, generally comes from theatgeneof
dislocations'**>"" Usually, grains with different orientations include different amafrgtored
energy because they undergo different amounts and different tys#ip afteractions during
deformation>’® Table 3, taken from the reference 42 shows the differensyiigms in fcc

and bcc cubic metals.

Table 3 Crystallography of slip in cubic metals.
(Table from Humphreys and Hatherly (42))

. . |
”_ Structure Slip System |

I S —
l Plane Direction

|| fec (111} <110>
(110} <111>

bec 1112} <111

773

i {123} E <111>

Stored energy is considered to be very important for discussingtatiration behavior
because it can influence both the nucleation of new strain-free grains amdwtie iqite of these
new grains in the deformed matrix. In order to control this stenedgy, one needs to know the

variables that influence the amount of the stored energy. In gemamlrities, deformation
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mode, deformation temperature and initial grain size can be inclasledriables, and their
effect is described as follows.

- As the impurity level in a metal increases, the stored energy increases

- More complex and high deformation modes lead to higher stored energy.

- As deformation temperature decreases, the stored energy increases.

- Smaller grain size produces higher stored energy.

2.5.2 Microstructure of Deformed Metal

In cubic metals the two basic modes of deformations are stiptwinning, and the
choice of mode is decided by the value of stacking fault energy.d&fe@mation of high
stacking fault energy metals like Al (166mdmtakes place mainly by a slip mechanism.

Conversely, the main mode of deformation for low stacking fault energysigtatinning*?

2.6 Geometrical Characterization for Grain Boundary Energy

As many of the properties of a grain boundary are dependentsiruitture, knowledge
of boundary structure is a necessary prerequisite to understandmdgp@uadary behavior. It is
convenient to divide grain boundaries into those whose misorientationaigigtiean a certain
angle and less than this angle as “high angle grain boundary” BlAGd “low angle grain
boundary” (LAGB), respectively. The angle at which the transitimmflow to high angle
boundaries occurs is generally taken as between 10° antf tbQeneral, low angle grain

boundaries are those which can be considered to be composed of an aishgcafions and
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whose structure and properties vary as a function of misorientatioie thigh angle grain
boundaries are those whose structure and properties are not usyatlydel® on the
misorientation. There are special high angle grain boundaries wdaichave characteristic

structures and properties, and they are referred to as the coincideattisgg CSL) boundaries.

2.6.1 Low Angle Grain Boundaries

(Misorientation)

A low angle boundary or sub-boundary can be represented by arpfdisjocations.’
The simplest form of this boundary is the symmetrical tilt boundarghown in Figure 12. The
lattices on either side of the boundary are related by a msatien about an axis which lies in

the plane of the boundary.

W ]
ststittasaatin

:
jasaats

Figure 12 A symmetrical tilt boundary (image from Humphreys and Hat{k))
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If the spacing of the dislocations of Burgers vector b inldbendary is h, then the

crystals on either side of the boundary are misoriented by a smallbangle

~

b
o~ (2-2)
The energy per unit area of such a boundaris given by Read and Shockley in 1950 as shown
below.

7o =7,0(A-Ino) (3)

Yo depends only on the orientation of the grain boundary and the macroscopic elastic constants:

7, = Gb(cosp +sing) 4z (1—v) (2-4)

Where G is the rigidity modulus andis Poisson’s ratio. The factor (ces+ sin¢), which is

proportional to the total density of dislocations for a fixed valu@ o valid only for 0g<n/2.

Thus,yo becomes

v, =Gbl4z(1-v) (2-5)
The A in equation (2-3) depends upgtherefore A becomes
A=1+In(b/27y,) (2-6)

According to this equation, the energy of tilt boundary increasésimgéteasing misorientation
(decreasing h) as shown in Figure 13. Combining equations (2-2) andit(&3)oted that a8

increases, the energy per dislocation decreases as shown @ Egjwsuch that a material will
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achieve a lower energy if the same number of dislocations exegad in fewer, but higher

angle boundaries.

e"‘iﬁ‘/’
- ;/
g1l /
& N/
i "
S
/ = ™ - ne,
/ T __9):_ - Gislocation
0 2 4 6 8 10

Misorientation (°)
Figure 13 Energy of tilt boundary and the energy per dislocation as a functien of t

crystal misorientation. (image from Humphreys and Hatherly (42))

It is often convenient to use equation (2-3) in a form where thgyeaed misorientation

are normalized with respect to the maximum values of those pamnget and Om) when the

boundary becomes a high angle boundary.

= il—lni &)
y_ymg 9

m m
As shown in Figure 14, the theory is in good agreement with expeahmaetisurements for a
small value of6, although it is unreasonable to use this dislocation model for large

misorientation’® because whef exceeds 15°, the dislocation cores will overlap, the dislocation
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will lose their identity and the simple dislocation theory on whigiagion (2-3) is based

becomes inappropriate.

-r:lllnf m

[::I 1 1 1 1 1 1 1 1 1 1 L 1 1 1 1 1

1
0 04 08 12 16 20 24 28 32 3.6
a/6,

m

Figure 14 The measured (symbols) and calculated (Solid line) energy ahtge tilt
boundaries as a function of misorientation, for different metals.
(image from Humphreys and Hatherly (42))
C.G. Dunn and Lionetfy measured grain boundary energies on a relative scale as a

function of difference in orientatiod, The samples used were silicon iron with the (110) plane

in the plane of the sample. Dunn’s data in relative units are shown in Figure 15.
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Figure 15 The measured (symbols) and calculated (Dotted line) grain bpunda
energy as a function of misorientation. Theoretical curve has A=0.231.

(image from Dunn and Lionetti 79)

The plot in Figure 15 has some striking features: a steepfrieseergy with increasing
in the range 0° to 15°, a maximum and relatively constant er2&Yto 30°, and a dip at about
70°. The theoretical curve is shown in Figure 15, to 45° and thitslata surprisingly well even
at large angles. This result suggests that compensating srayrcause equation (2-3) to be
valid over a larger range than is justified by its derivationalf, based on grain boundary
energy, for example in Fe-Si steels, the boundaries with nmsgatien of 20-45° have high
energy and are classified as high energy grain boundary (HEgGBUNN. A detailed discussion

concerning these boundaries is presented in chapter 3.
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2.6.2 High Angle Grain Boundaries
(Coincident Site Lattice (CSL))

A coincident site lattice (CSL) is defined as an intdisaclattice of any two crystal
lattices as shown in Figure 16. If some lattice points in tieeldttices coincide (the solid circles
in Figure 16), then these points form the CSL. The CSL is coesidee smallest sublattice of
the two adjoining grains. The degree of coincidence is chazatdry the reciprocal density of
common lattice points, denoted &sFor example in Figure 1&, is 5. In this case, the rotation
angle and rotation axis between two grains are 36.87° and <100> tredpet general, where
there is no special orientation relationship between the gtaiedarge and the boundary, which
has no special properties, is often referred to as a random boundargvdfpor certain
orientation relationships for which there is a good fit betweegrhias,X is small and this may
confer some special properties on the boundary. For exaB®le,the coherent twin boundary
andXl is low angle grain boundaries. Table 4 shows the relationshigéeBxand the rotation
axes/angles for coincident site lattices 3£31%° It is reported that the low energy CSL
boundariesx(3-9) migrate faster than other CSL boundaries due to lessgaéigre of second
phase particles and it affects Goss-textured AGG in Fe-83%4%ius CSL boundary foundation
and migration will be analyzed to assess if they play aindllee development of Goss-textured

AGG in Galfenol rolled sheet. Detailed information on this study is in chapter 3.
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8o o

Figure 16A coincident site latticeX5) formed from two simple cubic lattices rotatec

36.87° for an <001> axis.(image from Humphreys and Hatherly (42))
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Table 4 Rotation axes and angles for coincident site lattices3df.
(Table from Mykura (80))

z Omax.” Axis
1 0 any
3 60 <111>
5 36.87 <100>
7 38.21 <111>
9 38.94 <110>
11 50.48 <110>
13a 22.62 <100>
13b 27.80 <111>
15 48.19 <210>
17a 8.07 <100>
17b 61.93 <221>
19a 26.53 <110>
19b 46.83 <111>
21a 21.79 <111>
21b 44.40 <211>
23 40.45 <311>
25a 16.25 <100>
25b 51.68 <331>
27a 31.58 <110>
27b 35.42 <210>
29a 43.61 <100>
29b 46.39 <221>
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Chapter 3: Grain Boundary Energy for Goss-texturedAGG
in Galfenol Rolled-Sheet

3.1 Introduction

Recent work has shown annealing 1.0 mol.% NbC particle added-Glaltdled sheet
under Ar atmosphere for 3 hours produces the advantageous growth of abntargallGoss-
textured {110}<001> grain&838*

It is shown that, unlike the typical growth of average grain $iaetakes place with high
temperature anneals, annealing:Bey9 plus 1.0 mol.% NbC rolled sheet under Ar for 3 hours
produces Goss {110} grains of as large as several millimeterdiameter, i.e. that are
abnormally large compared with the 130-micron size on average of {10QLat} grains®® In
this system, the dispersion of NbC particles promotes this abngmaial growth in the same
manner as the precipitation of second phase particles such aandilNWInS that are used as
inhibitors of normal grain growth in silicon st&&f® Although production of Goss-grain
oriented silicon steel dates back to 1834he driving mechanisms associated with grain
boundary energy, surface energy and/or particle pinning, dredatttlear. One viable model for
developing Goss texture is based on grain boundary energy differassesiated with the
relative angles between grains at their boundaries. Grain bounuemyyecan influence grain
boundary mobility, which in turn determines the final texture configpmaand grain size
distribution®®°%° Thus, in this chapter, the geometrical characterization oh ggie and

orientation as it relates to the role of misorientation angleG®d boundaries in promoting

abnormal grain growth (AGG) in Galfenol rolled sheet was studied.
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3.2 Two candidate models for Goss-textured AGG

Two main models are used to quantify the grain boundary characteristiGoss-
textured AGG in silicon steel. One model is the Coinciderg Battice (CSL) model and the

other model is the High Energy Grain Boundary (HEGB) model.

3.2.1 The Role of Coincident Site Lattice (CSL) for
Goss-Textured AGG in Fe-Si

According to CSL model in silicon steel, the CSL boundaries with grain boundary
energy migrate faster than other boundaries due to less demnegfasecond phase particles at
CSL boundarieg!®? One group of research&rshows data for Fe-3%Si steel that suggest high
mobility, low energy> 3- >9 CSL boundaries are displaced during abnormal growth of Goss
grains as shown in Figure 17. (Hep8 boundaries indicates the presence of twin boundaries
with a 60° rotation angle <111> rotation axis, whilg, >7, >9 indicate 36.86°, 38.21°, and
38.94° rotation angles <100>, <111>, and <110> rotation axis, respectiVélgi) Goss-
textured AGG data shows the number fraction of high mobilitylawdenergy CSL boundaries
is lower by over 50% compared with what is observed prior to-@&oassred AGG. Figure 17
shows the variation of CSL distribution before and after Goss-@ktAGG in Fe-St' The
number fraction o&(3-9) CSL boundaries show a significant deficit in frequency otimence
following AGG phenomena. It should be noted that, if indeed the growth o Grasns is
independent of grain boundary structure, the frequency of occurref@@®Loboundaries along
the abnormally grown grains would be expected to be somewhat cohsigite that of before

AGG. Aust and Rutter (1959a,°8§* demonstrated that the CSL boundaries are more mobile

40



than random boundaries up to an impurity level of 0.006wt %Sn H ¥t higher impurity
levels the difference between mobility of CSL and random boundadappiiaré? Also, it has
been reported that the speciality of the CSL boundaries for graimth vanishes at a high

temperature, around 1000°C.
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Figure 17X (3-9) CSL boundary distribution before and after Goss-textured AGG in
Fe-3%Si alloy. (left side images from Lin, Palumbo, Harase and Augt (81)
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3.2.2 The Role of High Energy Grain Boundary (HEGB)
for Goss-Textured AGG in Fe-Si

Dependence of grain boundary energy on misorientation angle wagimamb a long
time ago. Dunn and Lionetti (79) measured the grain boundary eagr@yunction of different
misorientation angle for <100>, <110> and <111> tilted boundaries in.AehSirelative grain

boundary energy from their study is shown in Figure 18.
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Figure 18The relative grain boundary energy as a function of misorient
angle for <100>, <110> and <111> tilt boundaries in Fe-3% Si steel.

(This graph obtained by Dunn and Lionetti (79) and this figure obtained from
Rajmohan, Szpunar and Hayakawa (95))
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Figure 18 shows that the grain boundaries with middle angle misar@nin the range
of 20°-45° has higher boundary energy than the other ranges ofeantation angle, i.e. <20°
and >45°. The direction of grain boundary migration is determined bygrhie boundary
energies. At high concentrations of alloying elements and atgrmgessing temperatures, the
HEGBs have the highest mobility and the highest precipitateseoiag rate, and consequently
are released for migration earlier than other boundariesati@an This is the HEGB model that
is used to explain the Goss-textured AGG in Fe-Si. Accordirigisomode’®” Goss-textured
AGG occurs preferentially when Goss grains are surrounded s g@amisorientation angles
associated with high energy states: the range of 20°-45° misorientatien angl

The applicability of these two models (CSL and HEGB) to 1mol.% Bt=d-Galfenol
rolled sheet was investigated in this chapter using Grain Boundhayacter Distribution
(GBCD) data to provide statistical information on the overall gamgrain boundary
microstructure and using quantitatively characterized data freem@tion Imaging Microscopy
(OIM).*® Both CSL and HEGB models were considered as possible mechanismglain the
contribution of grain boundary energy to Goss-textured AGG observed intdngberature

annealed (FeGaw)+1.0 mol%NbC rolled sheet.

3.3 Detailed Experimental Procedure

An (FeaGaww)+1.0 mol.%NbC alloy button with a thickness of ~7.8-mm and a wiass
50g was prepared by arc-melting at the DOE Ames Laborét@yring hot rolling, the button
was enclosed in 321-stainless steel to prevent oxidation. The cgpeathen was hot rolled at

1000°C until a 63% thickness reduction was achieved (2.85-mm). Subsequently, H@0°C
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rolling was undertaken to obtain a 49% reduction (1.45-mm). Finally, 0.31hiokarolled sheet
was obtained after 500°C warm rolling for an additional 79% resluctbpecimens with a
dimension of 12 mm x 12 mm x 0.31 mm were cut from the rolled sleesubsequent
annealing. Specimens were annealed in a tube furnace at 1200°Cidmndifnnealing times
under an Ar atmosphere. Specimens were water-quenched aftalimgnndhe saturation
magnetostriction of samples was measured by rotating samplégtween two Nd-Fe-B
permanent magnets separated by a distance of 38.1-mm. The nomaigpaétic field at the
sample position was 3500-Gauss. The peak to peak saturation magnhetostradue of

(3/2)As= A -1, was obtained using strain gauges attached to the specimemrorlec

Backscattering Diffraction (EBSD) patterns were capturad analyzed using Orientation
Imaging Microscope (OIM) software to obtain inverse pole figufi€d), grain boundary
information, and texture (details on EBSD are presented in AppendiEBSD analysis was
carried out using a grain boundary dilation clean-up process in Ebk [&boratories (TSL)
OIM software to remove spurious observations and to observe partithea winimum grain
size of ~210um (10 pixels) and a maximum misorientation angle (5°) betweezispinithin a
single grain. The NbC particles were examined by energyrdispex-ray spectroscopy (EDS)

in a scanning electron microscopy (SEM).

44



3.4 Results

3.4.1 Magnetostriction vs Texture Variation

The magnetostriction of 1mol.% NbC added Galfenol rolled sheet saeipiealed at
1200°C for different lengths of time are shown in Figure 19 (persamaiunication with Na).
Magnetostriction (x5 ppm) of the sample as a function of artimealincreases from 28ppm for
the as-rolled sample to 63ppm for the sample A which was anneal2chburs and increased to
163ppm for sample B which was annealed for 3 hours. Longer anneatiag tesulted in a
decrease of magnetostriction of up to 106ppm in sample C for a 4ahaeal and further to
63ppm for a 5 hour anneal duration. The highest magnetostriction was obkemea 3 hour

annealed sample B.
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Figure 19 Magnetostriction of 1.0 mol.% NbC added Galfenol rolled sheet as a

function of annealing time at 1200°C under Ar atmosphere.
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l:l.:ll‘] grain

Figure 20 IPF image along normal direction of 1.0 mol.% NbC added Galfenol
rolled sheet samples A, B, and C, which were annealed for 2, 3, and 4hours under
Ar atmosphere, respectively.

IPF images were obtained to confirm the relationship betweemetagiriction and
texture as a function of annealing time. The grain size and di@nia samples A, B, and C are
shown in Figure 20. Relatively small and randomly oriented gra@rs observed from sample
A that was annealed for 2 hours. The Goss-textured AGG wasretideom sample B that was
annealed 1 hour more than sample A, and the overall grain groaglolserved in sample C

with normal grain growth mode.
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The average grain size grows with anneal time as expected-fgure 20. In sample B,
the area fraction of {110} or Goss grains is significantly higtmant{100} and {111} grains
making up 65.8% of the area fraction of grains on normal direction.(NB§ much larger
maximum grain size (5037.,6m) of sample B produces the high area fraction of Goss grains.
The textures observed in orientation distribution functions (ODR)y.a#t5° are varied in
samples A ¢-fiber andy-fiber) and C (Goss angfiber), but are predominately Goss in sample
B. The lattices within the Goss grains of sample B are on gedithed about 24° from the
rolling direction (RD). (The tolerance range that specifiBe minimum and maximum
misorientation angle of grain is 0° — 30°.) Table 5 shows details @vhand GBCD analysis
of samples A, B and C.

For samples A, B and C respectively, 10.9%, 12.2% and 7.9%, of the grain bagindarie
are associated with coincident alignment of the lattices afcadj grains, while 53.7%, 48.4%
and 52.0% of grain boundaries are associated with the 20°-45° mitatioa angles that
correspond to high energy and high mobifity® Prior Fe-Si studiés suggest a decrease in low
level of CSL boundariesz8-9) when AGG of Goss grains are present, although sample B has
the highest number fraction of CSL. The GBCD data in Table 5 pravitrst indication that the
CSL model is not likely to explain the AGG in sample B, but thta daes not suggest whether
the HEGB model might be applicable or not. More detailed studgZ &Ir and misorientation

distribution around each grain is discussed in section 3.4.2 and 3.4.3 of this chapter.
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Table 5 Details from OIM and GBCD of 1mol.% NbC added Galfenol rolled sheet
samples A, B and C which were annealed for 2, 3, and 4 hours under Ar atmosphere,
respectively

Sa?;_ple “agn_:_mi':lmm of araine in ODF texture
= i' “7;," ii Ei =1 E‘" 22

CSL Misorientation™

a-fiber, 1:17.6

A 63 and y-fiber - it 2:53.7

3:287

(100}:12.1 o\ 1:125

= 160 {10658 TitedGoss 24§ ‘-i =%  Min.:355 122 ?:484

(111):22.2 Max_:5037.5 3:39.1

(100201 Teht nss cann 1-100

C 106 (110):30.2  andy-fiber - Min.r35.2 192 2:520
{111p457 Max.:3453.4 3:37.

*a: on Normal direction
¥h: from Rolling direction
*c: 1: Low angle (2°- 20°)}
2: Middie angie [20° - 457}
3: High angle {45° - 65°)
{Only boundaries between identified grains)
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3.4.2 The Role of CSL Boundaries in Galfenol Rolled

Sheet

Figure 21 shows the CSL distribution of samples A, B and C. The nuimaation of
>'(3-9) boundaries slightly increases in samples B with Goss-&ek&AGG and drops in sample
C, where Goss grain AGG is no longer present. In sample C, o@Shlboundaries decrease
and normal grain growth is evident. This is not consistent witloliservations of Fe-8iand
further suggests that low level of CSL boundaries are not the deiminaing force behind
AGG in Ar-annealed Galfenol rolled sheet. This supports that theri&@lel does not explain

AGG in Galfenol rolled sheet.

6% ¥(3-9)
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_0.2% ¥(3-9)
42" ¢cSL boundaries

3 5 7 9 1 13A 138 15 17A 17B 19A 19B 21A 21B2331b
CSL boundaries (sigma)

Figure 21 CSL boundary distribution of sample A, B and C, which were annealed for 2, 3, and 4
hours under Ar atmosphere, respectively.
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Figure 21 was obtained using a grain boundary dilation clean-up priocésx SEM
Laboratories (TSL) OIM software. This clean-up process rethaveinteresting peak that was
detected from the same samples when OIM was carriedithdut/clean-up process. In samples
B and C, the number fraction &fl3b boundaries was almost 3.5%, i.e. much larger than all
other CSL boundaries as shown in Figure 22. The minimum rotation angftetatidn axis of
>13b boundary are 27.29° and <111>. The increase from ~0.5% in sampl&8 A% in sample
B may explain the global increase in CSL noted in the GBCDidafable 5 while other CSL
boundaries do not increase much. It was found that the number fracidBlboundaries was
particularly sensitive to scan resolution, something that was notveblséor other CSL
boundaries. With scan resolution set for to identify a minimum graenaf 1 pixel or ~21um,
i.e., without filtering of data with the digital data clean upgess, the number fraction B13b
boundaries in sample B and C grew to 32.2% and 22.2%, respectively. Thusnther fraction
of ¥13b CSL boundary is affected by the presence of small surfataerds that appear
coincident with the onset of AGG but are “smoothed over” in data atlyih the OIM clean
up process. It is reported by Stiegler et al. that 20-30%@atahgle and <111> rotation axis are
the commonly founded orientation for rapid growth of ®bThis orientation is well matched
with the orientation of£13b and it is suggested thafi3b peak is detected from the NbC

particles that are distributed on the surface of Galfenol rolled sheet.
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Figure 22 CSL boundary distribution of sample A, B and C, which were
annealed for 2, 3, and 4 hours under Ar atmosphere, respectively.
(without OIM clean up process)
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3.4.3 The Role of Misorientation in Galfenol

Based on the background on HEGB model that is mentioned in cHagt@r the
misorientation distribution around the Goss-textured AGG in 4 hour anneaeples was
observed. Figure 23 shows the different misorientation angle distrbatound Goss-textured
AGG in Galfenol. As shown in Figure 23, abnormally grown Goss-textgrain predominantly
surrounded by grains with a middle angle (20°-45°) misorientation ayiddmergy. A much
smaller fraction of grains at low and high misorientation angleround the abnormally grown

Goss grain.

PR cocoisiowooua o e st et ey S |
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Figure 23 Grain boundaries of different misorientation angle around an ablyagroain

Goss-textured grain in 1mol.% Galfenol rolled sheet. (a) low grain boundargyemi¢h
low angle misorientation (<20°), (b) high grain boundary energy with middle angle
misorientation (20°6<45°), and (c) low grain boundary energy with high angle

misorientation (>45°)
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Each grain within a sample was selected and then normalized tovebtee
misorientation angle distribution shown in Figure 24. Then the totabrimgation angle

distribution from samples A, B and C were investigated.

Low energy misorientation
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Figure 24 Normalization of grain boundary misorientation angle distoibuti
from each grain.
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In sample A, both the Goss apdiber grains are surrounded by a high number fraction
of the high energy, middle angle misorientation boundaries: 75%ddBtss {110} grains and
70% for they-fiber {111} grains compared to 56% for {100} grains. The slightly higinaction
of middle angle misorientation boundaries surrounding Goss-grains ureF@p(a) could
indicate the 2-hour anneal state is a suitable precursor to teearidoss grain AGG. In Figure
25(b), the number fraction of middle angle misorientation boundarieméithe Goss-grain is
much higher than those around other grajaiber anda-fiber grains): 73% compared to 25%
for {111} and 56% for {100}. This high fraction of middle angle misorielmatboundaries
around the abnormally grown Goss grains is consistent with the H&GRI explaining AGG
in Galfenol and indicates continued AGG is likely. In Figure 25(®,ftaction of middle angle
misorientation boundaries around the Goss grains decreased as dié thfeabimormally grown
Goss grains (Table 5) while the average grain size in the sampleWhel@.this is not generally
observed in FeSi steels, where AGG Goss grains are stablext&nded duration of anneal at a
given temperature, the phenomenon observed in Fe-Ga is sintiter dbvservation described in
ref. 42 that during AGG, a few grains in the microstructure grow and consume thexnwdtri
smaller grains and a bimodal grain size distribution develops. However,uallgnthe large
grains impinge and normal grain growth resume®lthough we have not identified the
mechanism responsible for resumption of NGG, these results inthedtéeo maximize AGG,
annealing should end prior to the resumption of NGG, i.e., between 2lamdsifor a 1200°C
anneal under Ar atmosphere. These results on the misorientagtabudion around the Goss-
textured AGG support the HEGB model in which high energy grain boesdaromote Goss-

textured AGG in Galfenol rolled sheet.
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3.5 Conclusion

The role of CSL and of the energy associated with misorientatibmebe grain
boundaries on abnormal Goss-textured grain growth inGee)+1.0 mol% NbC rolled sheet
annealed under Ar was investigated. Average 0.45mm thick sampiesaled for 2, 3 and 4
hours were studied. Although only the sample annealed for 3 hours exXhimies-textured
AGG.

Grain boundary character distributions (GBCD) results for aletltgamples showed a
global trend of that the number fraction of CSL boundaries remaaneyg ¢onstant, which does
not support CSL as the mechanism for promoting Goss-textured AGGeF M results, i.e.,
without filtering of data with the digital data clean-up procHsat are presented show tHhaB-

9) boundaries decrease only slightly with anneal time. It wasirib&t the most prevalent CSL
boundariesX13b) in the 3 and 4 hour annealed samples are associated with NbC particles on the
surface of Galfenol rolled sheet. GBCD results indicate tbleadjpresence of high energy grain
boundaries in all three samples. Analysis of misorientation augieunding {110}, {111} and

{100} grains in the three samples shows the fraction of high energy lgpandaries is highest

for the abnormally grown Goss grain, 73% compared to 25% for the {11i}sgaad 56% for
{100}grains in the 3 hour annealed sample. The high percentage oéh&yhy, middle angle
misorientation (20° - 45°) boundaries around abnormally grown Goss gtgpsrts the HEGB

model for Goss-textured AGG in (#&awv)+1.0 mol% NbC rolled sheet.
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Chapter 4: Deformation Energy on AGG |
- By Tension Annealing -

4.1 Introduction

In this chapter, the tension annealing method will be described toirexpé use of
tension as an approach for altering grain boundary energy arebyhpromoting AGG by
influencing the secondary recrystallization process in 1 mol% NbGda@d#denol rolled sheet.
Tension annealing is used to promote dynamic recrystallizati®®X)DThis is achieved by
applying tension to produce a uniform strain state in the sample sihililtaneously conducting
a high temperature anneal. Several studies show that DRX proA@&sn different materials,
such as Mo, Cu and Al-Mg alloy8-*%>1%3t is suggested that the observed recrystallization
phenomenon in this method originates from the common consequence of therretkatlarge
amount of stored energy that is a result of the tension applied tsathpl€’?> One of the
mechanisms of DRX is local structure rearrangement. During ainge the material is
constantly being deformed as new grains nucleate and grow. Ostie geformation reaches a
critical level, new, dislocation-free grains form in the defed structure and increase boundary
migration mobility by facilitating release of grain boundariesf pinning sites, such as oxide

and/or carbide particles that can produce Zener pirtfiirng*
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4.2 Experimental Procedure

A button of (Fg;Gayg)+1.0 mol.%NbC alloy that was 7.8-mm thick and had a mass of 50
grams was prepared at the Ames Laboratory, USDOE by @taigy The button was enclosed
in a stainless steel bag to prevent oxidation during hot rolling. Holdplot soaking at 1000°C,
the enclosed sample was hot rolled to a thickness of 2.85mm (a @B%iioa in thickness).
Throughout the hot rolling procedure, the bagged sample was relafiateevery two passes for
10 minutes at 1000°C. Secondary hot rolling at 700°C provided a 49% wmdtwtgive 1.45-
mm thick sheet. Subsequently, warm rolling at 500°C was undartakéd the sample thickness
was reduced to 0.31mm (79% reduction). Finally, dog bone samples witieasibn of 12mm
x 6mm x 0.31mm were cut from the rolled sheet.

For tension annealing, an as-rolled sample was annealed at 800-1000°@4Gd the
melting temperature) with the simultaneous application of telugiting and true strain rates of
(1 x 10%s) — (2 x 1d/s) under an Ar atmosphere. The system was held at the annpataame
for roughly 30 minutes prior to applying tensile loads to accommdbatenal expansion of all
materials and initiate testing from a steady state thermal condition.

Table 6 shows the summary of samples for tension annealing. Shteplsion annealed
at 900°C with 2.57x18's strain rate control and other samples 2 and 3 were tensionezhaeal
1000°C with strain rate of 2.0xIG and 1.15x1®'s, respectively. Sample 4 was tension

annealed at 1100°C, but strain rate was not controlled under this annealingatareper
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Table 6 Summary of samples for tension annealing

Samples Tensioning Strain Rate (/s)
Temperature (°C)

Sample 1 900 2.57x10°

Sample 2 1000 2.0x10*

Sample 3 1000 1.15x10°3

Sample 4 1100 Uncontrolled

Figure 26 shows the schematic diagram for the tension anpeyfastem. A Terfenol-D
actuator was used to manage the strain rate by controllingaiheieéw system as shown in
Figure 26(a). The displacement produced by the Terfenol-D actwatocontinuously detected
via a laser displacement sensor. Two Terfenol-D actuatorsasarected to achieve the desired
displacement length. The maximum displacement that could be dedtiolthe sample was
about 1.7mm (15% of sample initial length). The titanium sample holaempwepared for a high
temperature annealing process at around 1000°C, also titanium roelsusexl to connect
titanium sample holder with Cu wire outside of the furnace. Thegtheof titanium rod was
280mm and it has 5mm diameter. Also, the load-cell was establishtbis system to monitor
the stress variation during tension annealing (Figure 26(c)). irstithin and stress variation

were monitored during tension annealing as shown in Figure 27.
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The strain rate was controlled by controlling the slope of Figi(@) and the state of
deformation of the sample during tension annealing was ultimateraos from the stress

variation curve detected by the load-cell, as shown in Figure 27(b).

a - b -
(a) Strain Rate Control (b) Stress Variation
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Figure 27 Monitoring the (a) strain rate and (b) stress variation of tensiocal@hne
Galfenol rolled sheet during tension annealing at 1000°C under Ar atmosphere.

4.3 Results and Discussion

Figure 28 shows the IPF image and ODF plot from the as-rddegble before tension

annealing.
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y-fiber

Figure 28 IPF and ODF plots of as-rolled Galfenol rolled sheet sample.

In this case, the area fraction of Cube texture: {100}<001> was 123%s @xture:
{110}<001> was 17.1% and thefiber texture: {111} was 70.9%. As shown in these fractions,
‘1-fiber texture was dominant just after rolling process. Theaaeegrain size diameter was
about 5.3um. This state of sample has very low magnetostriction, aB@upan. This state is

very reproducible.
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Figure 29 IPF images of tension annealed Galfenol rolled sheet saiugplgs

normal direction and ODF plo# different conditions: (a) annealed at 1000°C
hours with no tension, (b) annealed at 1000°C for 3 hours with tension and strain
rate control (2 x 1¢'s), and (c) annealed at 1000°C without strain rate control but

with a constant tensile load.

IPF images and ODF plots from different annealing conditionsterersin Figure 29.

Those samples were annealed at 1000°C for 3 hours with (a) no tdbgianjform stress and

(c) uniform strain. After annealing at 1000°C for 3 hours with mgita, some of the majgr

fiber texture in the as-rolled sample was changed to a {10@jreexvith <110> and/or <100>

orientation as the grain size increased over ten-fold to an averameter of 60m (Figure
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29(a)). After tension annealing at the same temperature withstant strain rate of 2 x 18, a
small amount of elongation of the grains and lattice rotationokasrved, as seen in Figure
29(b). The length of the sample increased by about 15% of the saiaple length and the
average grain size was |88, also larger than in the sample with no tension annealing. In this
case, the estimated deformation energy of the sample was 93MRaver, it seems that the
deformation energy added to sample by tension induced strain wasneok is the sample due

to simultaneous high temperature anneal process. The area fidfcBass grains: {110}<001>
was 19.7% or 10.7% lower than in Figure 29(a) and the area fractiorulmg €xture:
{100}<001> and {111} grains were 48.1% and 32.2%, respectively, or 5.8% and 4.9% higher
than in Figure 29(a). (The tolerance range that specifies thenommiand maximum lattice
variation is 0° - 30°.) Somewhat different texture variation is showfigure 29(c). In this case,

a constant tensile stress of 75MPa was applied to the sampdaitrdiny strain rate control at the
same temperature until the sample failed. The gauge regioe sathple started to thin and the
sample failed due to fracture within first few minutes of loadipe failed sample had
elongated to about 1.5 times longer than its initial state and bigedhiay-fiber texture similar

to the as-rolled sample over 47% of the sample area fractione Ehggriments were also
conducted at a slightly lower anneal temperature, at 900°C, but ras#ls, no AGG was
observed. It is not clear if a different range of annealingp&sature, critical strain and/or strain
rate for DRX would produce AGG. To resolve this, additional tensionadingeusing the
tapered dog bone sample approach used in the following chapter should bakendast future

work.
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4.4 Conclusion

The effect of tension annealing on AGG in dl5&9)+1.0 mol.%NbC rolled sheet was
investigated. During tension annealing at 1000°C for 3 hours, aamaiint of grain elongation
and lattice rotation were observed under strain rate controlvieie stress was sufficient to
produce plastic deformation. The length of the sample increased abouwif 15&4nitial sample
length. The estimated deformation energy introduced into the samgsde93MPa. Tension
annealing produced an increase in the area fraction of cube taruifd11} grains compared
with what was observed with no tension annealinfber texture was predominant in the
sample that was tension annealed without strain rate control. HowevBRX with AGG was
observed from this process. These results are inconclusive and siutig of DRX via tension

anneal may yet be shown to produce AGG.
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Chapter 5: Deformation Energy Effect on AGG Il
- By Strain Annealing -

5.1 Introduction

In this chapter, strain annealing will be described to idertiéydeformation energy and
study its effect as an alternative approach to tension anndatimgroducing on AGG. In this
process, the sample is tensioned with a constant displacemerdncatthen the sample is
subjected to a high temperature annealing to produce strain-ind@&ed Strain annealing is
used to ensure that deformation energy is stored in the sampleqtioe high temperature
anneal process which should promote strain-induced boundary migratioM)(S8BM
involves bulging of part of a preexisting grain boundary produced by |&vrdation, leaving a
dislocation-free region behind the migrating boundary as explainedhapter 2.4.5.1. The
driving force for SIBM is presumed to arise from a differeimcdislocation density introduced
during tensile loading. Differences in dislocation density atstl®nicron scale form an energy
balance that promotes discontinuous grain boundary mtf8riThis is an important nucleation
mechanism that arises due to strain annealing and difféemnrain annealing from normal
annealing processes without tension.

Three important factors emphasized in this study are cristain with specific
deformation energy, strain rate and final annealing temperatun@inénum strain, called the
critical strain, is necessary for initiation and propagationegf grains, after which the grain size

decreases with increasing strain as shown in Figut&°30.
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Girain size

€¢ Strain

Figure 30 Schematic representation of variation of final grain size wtim st

(image from Chaubet, Fondere and Bacroix (106))

Strain rates of between f0and 10%/s have been reported as being necessary to avoid a
multiplication of the dislocation density and formation of multiple Lsed&ands that disturb the

grain growth**”*%®|n addition, annealing at temperatures of over 60% of meltingeteature is
needed for AGG in this process.

5.2 Strain Annealing with Preliminary Samples

5.2.1 Experimental Procedure

An (FexGag)+1.0 mol.%NbC ingot that was 15.25mm thick, 38mm wide and 51mm
long was prepared by ETREMA products. During hot rolling, the ingot ematosed in 321-

stainless steel to prevent oxidation. The canned specimen waslleat at 1000°C until a
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thickness reduction of 81% was achieved (2.54mm). Subsequently, 800°C huy reds
undertaken to obtain a 73% reduction (0.76mm) and 500°C warm rolling was kederta
obtain a 33% reduction (0.5mm). Finally, a 0.45mm thick rolled sheet wameitbtafter room
temperature cold rolling. Several dog bone samples with two p@s tail each gripper region
were obtained from as-rolled samples. Prepared samples were preedm®0°C under an Ar

atmosphere for 10 hours to fully introduce primary recrystallized geairshiown in Figure 31.

1100}<011>

¢, =45°

Figure 31 IPF and ODF plot of pre-annealed Galfenol sample at 700°C for 10 hours.
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This pre-annealed homogeneous recrystallized sample does noh @mjadeformation
energy from the rolling process. All stored deformation energgiymed by rolling is consumed
during pre-anneal in the process of primary recrystallizatibe. average grain size diameter is
about 1@m and the area fraction of Cube and {111} texture is 41.3% and 45.3%, reslyecti
The temperature increased up to 300°C to soften the sample and then tension was apphed with a
Materials Test System (MTS) load stand to introduce the stemeritical strain in the sample
and thereby maximize the stored strain energy availableotongie AGG during the subsequent
high temperature anneal. The sample was strained with a coBstdfts displacement rate
control. Then the fractured samples were annealed at diffegemgerature of 800°C and

1000°C to observe AGG.

5.2.2 Results

Figure 32 shows the true stress variation as a function of tiraie.sThe steady-state
strain rate was attained after a true strain of 0.01. Atamsif slightly less than a true strain of
0.08, the sample fractured outside of the gauge region, in an areamad@@pinholes that were
introduced to address a challenge in gripping the dog bone test saRlpkg deformation of
the sample is observed only around these pinholes. The upper part of the pinbalé&aetired
at an applied 210MPa true stress as shown in Figure 32. No \ekibigation was observed on
the gauge section that was originally the intended focus ofeslisThe sample was cut in half
and used to investigate the effect of anneal at two tempera8®@<; and 1000°C, for 1 hour
under an Ar atmosphere. No texture or grain size variatiorobserved from the half dog bone

sample that annealed at 800°C.
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Figure 32 Experimental true stress & true strain curve and optical irnaGedfenol

rolled sheet samples: before (left) and after (right) tension at 300°C.

Figure 33 shows the IPF image from half-dog bone sample thatwerteanneal at 1000°C for
lhour. No texture or grain size variation was observed at the gaagjens However,
interestingly, a small region of abnormally grown Goss-texivae observed near the pinhole

region with slightly elongated and plastically deformed.
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Figure 33 IPF image of a Galfenol sample annealed at 1000°C for 1 hour after
imposing a 5 x 1¢s displacement rate controlled tension force. Grain growth
occurred near the pin hole region and the abnormally grown Goss grains were tilte

about 7° along the rolling direction.

The maximum size of abnormally grown Goss grain is idd@diameter and it is tilted
about 7° from the rolling direction (RD). Stress was concentraitedhd the pinhole region with
small amount of deformation during tensioning the sample and the irdluenstored strain
energy on AGG was verified indirectly in this region. To detaethe critical strain needed to
produce deformation energy effect on AGG, tapered samples waireatnealed and studied

next.
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5.3 Strain Annealing with Tapered Sample

5.3.1 Sample Preparation and Experimental Procedure

Several dog bone samples with a 5% tapered and 3.3 inch long gectgmn were
obtained from as-rolled Galfenol samples that have same histidhy preliminary strain
annealed samples as shown in Figure 34. The taper was desighieel gauge section to

investigate the effect of different strain rates and strain on AGG gitlhgée sample.

/%_EME
/

3.3inch !

Figure 34 Tapered dog-bone Galfenol sample with 5% tapering and 3.3 inch long.

Figure 35 shows the schematic diagram that briefly explainsstteen annealing
procedure. First, the tapered dog bone samples were pre-anne@it@ for 15 hours under
Ar atmosphere to make homogeneously recrystallized samplesutviany stored deformation
energy due to rolling. Then, the samples were tensioned with aid&t€est System (MTS)
(Figure 36) at a temperature of 200°C, 500°C and a constant displacementL.rat&fs and
5 x 10%s until the sample fractured. Finally, fractured samplesewannealed under Ar

atmosphere at different temperatures of 900°C, 1000°C and 1100°C for up to 3 hours.
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Pre-annealing

- Tension Annealing
Initial State Stress release o
(Tapered dog bone) ( & (Critical strain) jSmaiinduced AGG)
Homogeneous ReX)
(@)
O

850°Cfor 15hr. (ar)  200°Cand S00°Cwith  900°C, 1000°C and 1100°C
(1-5)a0%/s up to 3hr. (Ar)
displacement rate

Cold rolling
(atRT.)
Figure 35 Overall experimental procedure of strain annealing process.
stepl) Initial tapered dog bone sample by cold rolling, step 2) Pre-annealing at 850°C for
15hr under Ar for stress release and homogeneous recrystallization, step3) Tension at 200°C
and 500°C with different displacement rate control to obtain critical strain for grain growth,
step4) Annealing at 900°C, 1000°C and 1100°C up to 3hr. under Ar to observe strain-induced

grain growth.
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Figure 36 Photograph of MTS machine for tension which is designed to
elevate tensioning temperature up to around 900°C.
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Table 7 shows the summary of strain annealing in this studyl fi\s@asamples were
tensioned at different tensioning temperature with different dieplaat rate control and nine
fractured samples were strain annealed at different angdalinperature for different annealing

time.

Table 7 Summary of samples for strain annealing

Samples Tensioning Displacement Annealing Annealing time
Temperature Rate (/s) Temperature(°C) {min.)
o)
Sample 1 200 5x10 1000 120
Sample 2 200 5x104 1000 180
Sample 3 200 5x10 1050 900
Sample 4 500 1x10* 9200 180
Sample 5 500 1x10* 1000 15
Sample 6 500 1x10* 1000 30
Sample 7 500 1x10* 1000 180
Sample 8 500 1x10* 1100 180
Sample 9 500 1x10* 1100 180
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5.3.2 Results

5.3.2.1 Pre-annealed Sample before Tension

First, the IPF from the 850°C pre-annealed sample was obtairsttbas in Figure 37.
The whole section of the sample was recrystallized with randorénted distribution, and the
average grain size diameter was aroungng7that is about 6.5 times larger than the average

grain size in the pre annealed sample shown in Figure 31.

ODF

Figure 37 IPF and ODF plots of pre-annealed sample at 850°C for 15 hr. showing
primary recrystallization with a randomly oriented distribution. Aveigrgén size is
~67um.
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It has been demonstrated many times that the orientatioasgef §rown grains are not
random®® but the link with the original texture is not yet clear. In orttecontrol the final
orientations of the grains, it is thus essential to investigate theak&tmution during the whole
process in more detail. Also, it is reported that the clistain value to be applied is largely
determined by the prior microstructlfftas shown in Figure 38. According to Figure 38, the

critical strain decreases as a grain size increases, howeeerat least 2% strain is considered

necessary, irrespective of grain size.
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Figure 38 The effect of the initial grain size on the value of the critiGahs

(image from Kochendorfer (109))
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5.3.2.2 Tension at Different Conditions

Depending on tensioning conditions, different fracture modes were edsas\vshown in
Figure 39. The fracture of the sample 1 occurred right #ftecritical strength point (ultimate
tensile strength) with a brittle fracture mode. The tempegatvas increased up to 200°C and
then tensile stress was applied to the sample under constantefisptd rate of 5 x 1ts until
the sample fractured. Very little plastic deformation ocaume the fractured site, and some
orange peel like structur® was observed on nearly the whole gauge section of the sample,
indicating that the tensile stress propagated through the waotge gection although it does not
create visible plastic deformation. In this case, the estnndéformation energy stored in the
sample was about 16MPa. This deformation energy was estimatetldmaiee graph as shown
in Figure 39.

Sample 4 was tensioned at a higher temperature of 500°C with a slowecetisgtd rate
of 1x10%s. It took about 32 hours for the sample to fracture. In the casenpies 4, the critical
strength became much lower than in sample 1, as about 500MPa ancheoms fluctuation
was observed during the tension test. It is reported that morgyeiseabsorbed inside the
sample after changing the fracture mode from brittle to @udtil BCC materials* It was

estimated that the deformation energy stored inside sample 4 was 410MPa.
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Figure 39 Stress and strain curve of brittle (sample 1) and ductile (sanfigetdred
Galfenol rolled sheet samples at different conditions. Sample 1) tensioning Gt\2idi0
5x10%s displacement rate, Sample 4) tensioning at 500°C with“IsHisplacement rate)
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5.3.2.3 Texture Analysis

5.3.2.3.1 Brittle Fractured Sample

EBSD patterns of two brittle fracture samples were captaretianalyzed using OIM

software to obtain IPF as shown in Figure 40.

Figure 40 Optical and partial IPF images of brittle fractures ine@alfrolled sheet
samples (a) annealing at 1000°C for 3hours, and (b) annealing at 1050°C for 15 hours.
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Figure 40(a) shows the IPF from a small region of brittletir@d sample that was
annealed at 1000°C for 3 hours. Not much grain growth was observed ingeesgation. Only
partial grain growth was observed near the fracture site. iltisates that the tensile stress
applied to brittle fractured sample, which did not result in plad@ééormation, did not
significantly influence grain growth. Similarly, partial grairogth was observed in a similar
region from the other half of the dog bone after higher temperaturealing at 1050°C for 15
hours, as shown in Figure 40(b). It is suggested that themmeagye resulting from 1000°C-
1050°C annealing provides the driving force for nucleation and primeegystallization,
however, this range of thermal energy is insufficient for gggowth. Also it indicates brittle
fracture prevented the critical strain necessary for lgrgm growth during anneal at this range
of temperatures, from being achieved. Fundamentally, a def@mount of strain energy in the

brittle fractured samples caused this result.

5.3.2.3.2 Ductile Fractured Sample

Figure 41 shows the IPF images from ductile fractured santipésvere annealed at

900°C, 1000°C and 1100°C for 3 hours, respectively.
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Figure 41 IPF images of strain annealed ductile fractured Galfersd isileet
samples (a) annealing at 900°C for 3hours, (b) annealing at 1000°C for 3hours, and
(c) annealing at 1100°C for 3hours under Ar atmosphere.

(*P.R. : Primary Recrystallization)

Different types of recrystallization were observed in the tuitactured samples than in
the recrystallized brittle fractured samples. No grain gnomés observed from the sample that
annealed at 900°C for 3hours as shown in Figure 41(a). Significant aodsvgrain growth was
observed in the ductile fractured samples (Figure 41 (b) and r(eppective of the final

annealing temperatures of 1000°C and 1100°C. A similar gradientimsyza is evident within
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the gauge section of both samples. Also, the stored deformatiogiesnerside two different
samples are similar due to their well matched deformedHeargt width after tension. However,
two different anneal temperatures lead to two different singinced, abnormally grown
textures at the location of similar critical strain. Aetil Cube grain is abnormally grown in the
sample annealed at 1000°C as shown in Figure 41(b), and a tiltedgfaasss abnormally
grown in the sample annealed at 1100°C as shown in Figure 41(c@stimgly, no grain growth
was observed at both ends of the gauge section. This indicatethdahgtain growth is not
affected by too much or too little deformation. The region @lirstinduced tilted Cube textured
AGG in Figure 41(b) underwent engineering straining of 2-6%. gurei 41(c), the region of
strain-induced tilted Goss textured AGG underwent engineestrajning of 3-12%. It is
suggested that the higher annealing temperature may have cdmiiim¢he strain in regions of
7-12% engineering strain that facilitated AGG in theseoregiof the sample as both samples
contained the same stored deformation energy. This common critial iegion for AGG in
Galfenol of 3-6% is relatively well matched with the regiona-iron, where 2-5% engineering
strain lead to AGG of an unspecified texture and RENE 88 Ni-bager alloy, where 2-4%
engineering strain lead to AGG of an unspecified texXttfré3 The strain annealed sample in
Figure 41(c) has the larger critical strain range faistinduced AGG than the other materials
in the above references. Region A is primarily a recrys&ibn region that occurred during
previous pre-anneal at 850°C for 15 hours. Less than 2% deformationtdnsmon does not
affect extended grain growth due to insufficient deformation enfergyoundary migration. The
grain size difference of region B, C and D in Figure 41 is cdenti with one of the laws of
recrystallization that was mentioned in chapter 2.4 The recrystallized grain size depends

primarily on the amount of deformation, being smaller for large amounts of d#fomi The
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grain size is smaller as it moves to the fractured i@ 8 to D. It is possible that higher strain
regions provide more nucleation sites per unit volume and ultimaéslglop into smaller grain
size. The strain-induced AGG region (region B) in Figure 41rfd)(a) has been deformed less
than regions C and D, which suggests that strain-induced AG@®gionr B is much more
dominated by grain growth associated with grain boundary migratibarrdtan by nucleation
for primary recrystallization. In addition to verifying thetwal strain for AGG, the critical
strain rate of region B for AGG is verified as*19.

Table 8 shows the summarization of different grain growth modeifertent regions of
each sample with different fractures and annealing histoAey. AGG phenomena were
observed from brittle fractured samples. Commonly, AGG phenomena were obsemeéd§%
engineering strain region from ductile fractured sample, adénAGG were investigated from

1100°C annealing process.
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Table 8 Different grain growth mode at different Engineering strain

- Only partial grain growth occurred from the brittle fractured sample

- No grain growth occurred from the ductile fractured sample that ann¢&ea°&

- Tilted Cube-textured AGG occurred from the ductile fractured sarmateahnealed at 1000°C
in the range of 2-6% engineering strain.

- Goss-textured AGG occurred from the ductile fractured sample that edradl100°C in the

range of 2-12% engineering strain.

Engincering Strain (%)
Fracture mode 0-2 2-6 6-12 12-20 >20
& Annealing Temp. (°C)
1000 PGG
Brittle
1050 PGG
900 PR. PR. PR. PR. PR.
1000 PR AGG NGG NGG PR.
Ductile (Tilted Cube) | (Largesize) | (Smallsize)
PR. AGG AGG NGG PR.
1100 (Goss) (Goss) (Large &
Small size)

(* PGG: Partial grain growth

AGG: Abnormal grain growth
NGG: Normal grain growth
P.R.: Primary recrystallization)

To observe the sequential grain growth modes, we annealed the ffastungles at
1000°C for less than 3 hours as shown in Figure 42. It is observeth¢hiGG and primary
recrystallization in regions C and D are produced first in #réy estage of annealing process
after an anneal of only 15 minutes. Alternatively, tilted Cubeutegt AGG in region B occurred

gradually compared to other grain growth in regions C and D. It is\auk¢hat the few tilted
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Cube textured crystals, which formed during a 15 minute annealicgg®adn region B (Figure
42(b)), combine together little by little and then develop into orgelabnormally grown tilted-
Cube grain (Figure 42(d)). Also, it seems that the abnormally grewturé in region B is
roughly determined in an early stage of annealing process,lpagafter only 15 minutes, and
after 30 minutes, develops further in the direction of less defrsites (i.e. region of lower

strain).

(a)

After Tension
(Before Annealing)

(b)

Annealing at
1000°C for 15min.

After Tension

(c)
Annealing at

1000°C for 30min.
After Tension

(d)

Annealing at
1000°C for 3h
After Tension

_ _ APR) BAGE  cINGGl o)
Figure 42 IPF images of different annealing time at 1000°C (a) asttedsGalfenol

rolled sheet sample, (b) annealing for 15 minutes, (c) annealing for 3Gemiant

(d) annealing for 3 hours.
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The number of small size of island grains, inside the abnormallyrggrain in region B,
decreased as annealing time increased (Figure 43). This Bgoms the highly magnified IPF
images of region B for 15min., 30min. and 3hr.. The area fraction df ishaad grains with the
size of under 200m diameter decreases as the annealing time increasesreBh&axtion of
island grains in a 15 minute annealed sample is 26.28%, however, theaatieas of island

grains in 30 minute and 3 hour annealed samples are 8.61% and 2.79%, respectively.

[2} 18min Annealing {h) I0min Annealing {rY 3 Annsaline
RTF TTTTTTTTT O EEEEEE TR A | Tl e ] i~ {-]

o
*

500um | ; | 500|.ln|

26.28% 8.61% 2.79%

Figure 43 High magnified IPF images of region B in Figuread@ differen
area fraction of small island grains with the size of undep20@iameter.
(a) area fraction of island grains is 26.28%, (b) area fraction of island grains is 8.61%

and (c) area fraction of island grains is 2.79%.

To know the origin of AGG and other grain growth modes, as-tensionedn@hiblled
samples were investigated in detail. Figure 44 shows the highifedgPF images of different

regions, and grain size variation from each region. As mentionetapter 2, it was expected
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that the initial grain size and misorientation distribution jutgrahe tension test would affect

the different grain growth modes produced as a result of an annealing process.

Figure 44 High magnified IPF images of as-tensioned Galfenol rdikset sample.
From region (a) to (g): grain size decreases gradually, (g-1): many sub-grain boundaries inside

each grain.

88



At region (a), the average grain size is 4ar8diameter, and the grain size at region (Q)
is 13.4um diameter. The grain size in region (a) is 3.5 times larger than the omggoim (g). The
region (g) was subjected to much more deformation with a fast@n rate during tension at
constant displacement rate as 1%00f MTS test. Many sub-grain boundaries can be observed
in Figure 44(g-1), and this provides more nucleation sites folystatlization during the
annealing process. In other words, each region contains a diffeneriiter of nucleation sites,
leading to different recrystallization. Figure 44 contains sewengporting ideas to study the law
of recrystallization. Additionally, lots of NbC particles of g8 size that affect AGG are
randomly distributed on the whole surface as shown in Figure 44(g-1).

Each region of the as-tensioned sample has different crystatation. Figure 45 shows
IPF and ODF plots of different region (a), (d) and (g) inessioned sample, respectively. The
{112}<110> texture is dominant in region (a), and this dominant textusemsgar with the
texture from the pre-annealed sample as shown in Figure 37. Tihdaxture in region (a) is
altered along the length of the sample due to the different defonsaand strain rates
introduced during tension. {001} is dominant at the center of the gaugers@egion d) and
{111} is dominant close to the fractured site (Region g). It is sugddbat this high fraction of
{100} grains at the center could be resulted from SIBM mechanisnwilidie explained in the
following section 5.3.3.

Also, Figure 45 shows the different misorientation angle distabsitin regions (a), (d)
and (g). Normal misorientation distribution is observed in regionh@t)is typical of a sample
with randomly orientated distribution. A relatively high fraction ofvlangle misorientation,
around 41%, is observed in region (g). This high fraction of low amigerientation supports

the presence of sub-grain boundaries that is shown in Figure 44 Qgigtant misorientation

89



distribution is shown in region (d), which is close to the beginning @di®GG region B in
Figure 41 and Figure 42. It is possible that constant misatientdistribution in region (d)
influences the different grain growth mode and contributes to AGGglinigh temperature
annealing. To better understand this, further study of texture devetopine to different

misorientation distributions should be undertaken.
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Figure 45 IPF images, ODF plots, and misorientation distributions at diffegohs of as-
tensioned Galfenol rolled sheet sample.
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5.3.3 Mechanism for AGG by Strain Annealing with tapered sample

Figure 46 shows a possible mechanism for different grain growtgiorr B than in the
rest of the sample. Region B in Figure 46 is coincident witmeg®n B and C in Figure 42 that
consists of AGG and NGG. Region B in Figure 46 is the effecagen for SIBM by tension,
with creation of more nucleation sites by SIBM to the right side of the box. Mcoleation sites
by SIBM (right side of region B) would enhance the formation ofG\Nénd relatively small
nucleation sites by SIBM (left side of region B) will enhatiee formation of AGG during high

temperature annealing.

As-tensioned

After
Annealing

* Dotted line box B: SIBM effectiveregion (Region B and C in Figure 46)

Figure 46 Schematic diagram on the effect of SIBM on different graintgnmwdes of
regions B and C in Figure 42.

Thus, thermal energy concentrates on a few nucleation sitd8by&ahd it accelerates the AGG

in region A and thermal energy concentrates on more nucleatisrogit8|IBM and it promotes
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the NGG in region B. However, too many nucleation sites in re@opromote primary
recrystallization in the same manner as the primary riadligation phenomena that occurs after

normal rolling process that introduce significant deformation.

As shown in Figure 41, tilted Cube-textured AGG occurred whensdneples were
annealed at 1000°C and Goss-textured AGG occurred when the samptesnmealed at
1100°C. Why were different kind of grains are abnormally grown durigly temperature strain
anneal process at temperatures of 1000°C and 1100°C? It is édethva this is influenced by
that the (100) plane has the highest packing density and (110) plankehlasvest packing
density in bcc simple cubic Galfenol. The surface energiesbdfay orientation crystal planes
of several metals are calculated with the broken-bond model memet=114. The bonds of the
nearest neighbor and second neighbor are considered, and the ratio obtitersssghbor bond
energy to the nearest bond energy is calculated. The rdbiccahetal is larger than that of fcc
metal and the surface energy of (100), (111) and (11®)@ was 2.6660 J/m2.5271 J/m and
2.0535 J/rf, respectively* It can be considered that the atomic density of (100) plaad-efis
higher than the one of other planes of (111) and (11@Ha. Galfenol has very similar crystal
structure witha-Fe. Thus it can be considered that relatively more numberstafcdtion free
(100) grains nucleated at the interface between (100) and (110)veeelne{100) and (111)

caused by SIBM mechanism than other grains of (111) and/or (110) as shown in Figure 47.
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Figure 47 Schematic diagram of nucleation through SIBM mechanism duringntensi
test at 500°C.

As shown in Figure 47, when the sample is tensioned with “constaint trel’ of 10°/s
and “critical strain” around 2-6% at 500°C, more dislocation {€¥) grains are nucleated at
the interface due to this SIBM mechanism. The IPF in Figur@¥Supports this hypothesis on
an increase in the fractional area of (100) grains as a resudite SIBM mechanism. The
prevailing orientation in region (d) is (100) and a relativelyalmportion of (110) grains are
shown in this region. Nucleated (100) grains in region (d) grow preiglgnat 1000°C
annealing process and they form abnormally large tilted Culbaréek grain after prolonged
annealing process. 1000°C adds enough thermal to get the nucleated (1@9)t@rgrow
abnormally, but does not trigger the dominance of surface energylO®°Q@, i.e. a slightly
higher annealing temperature, there is enough more thermal dnepgymote AGG of (110)
Goss-textured grains. Thus the (110) grains grow faster than otles. grA00°C adds enough
thermal energy that the surface energy is dominant. GossddxfG was also observed at

1100°C and 1200°C annealing under Ar atmosphere without strain in reference 4 and 82.
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5.3.4 Summary on Tapered Strain Annealed Samples thi

Brittle and Ductile Fracture Mode

Figure 48 shows the summary of the extent of primary recrystallizat®@, &d AGG

from the tapered strain annealed samples with brittle and ductile fractanptésa

( a) 120min. 180min. 900min.
100
Strain ¥ _ ] B rre
Annealingw/ S B nGe
brittle s 601
fractured § 401
sample < .|
o-
1000 1000 1050
Annealing Temp.(°C)
(b) {1 180min. 15min. 30min. 180min. 180min. 180min.
100
0 BN rRc
80 - NGG
70 50% % AGG
Strain £ ]
Annealingw/ § *]
Ductile g 501
fractured g 40
sample T .0
20
1 Cube Goss| |Goss
10 |
1 Cub
0- LI ul € — 71 r 1T + 1T * 1T T 1
1000 1100

Annealing Temp.(°C)

(S.D.E: stored deformation energy)

Figure 48 Summary of tapered strain annealed samples with (a) britt{e)ahdtile
fracture modes. (a) Small fraction of NGG was occurred from the bratéuhed dog
bone samples that annealed at 1000°C and 1050°C, (b) primary recrystallization was
occurred from the ductile fractured sample that annealed at 900°C and tilheckad
Goss-textured AGG were occurred from ductile fractured samples that edhiae

1000°C and 1100°C, respectively.
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Only a few percent of the area fraction of the strain andesdenples that failed in a
brittle fracture mode exhibited NGG regardless of annealing &nd temperature at 1000°C and
1050°C as shown in Figure 48 (a). Any NGG that occurred waseimegion near the fracture
site. In this case the overall stored deformation energy bytensis 16MPa and this amount of
stored deformation energy was too small to grain growth at these annenipeyature.

Various grain growth modes were observed from strain anneatagles with ductile
fracture mode as shown in Figure 48 (b). For 900°C strain angealo grain growth was
observed and only primary recrystallization occurred. Tilted Cekiented AGG occurred
during strain annealing at 1000°C and the Goss-textured AGG ataurig strain annealing
at 1100°C. The overall stored deformation energy for various grainlgneag around 410MPa
and this amount of energy was enough large to decrease the apriealperature for grain
growth and to provide significantly different results that foneal with no tension under Ar for

3hr. as shown in Figure 49.
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1000°C w/o Tension 1000°C w/ Tension

Figure 49. Deformation energy and strain effects for grain growth

(a) Occurrence of primary recrystallization after anneain$000°C under Ar without tension,
(b) Tilted cube-textured AGG and NGG after annealing at 1000°C #urdeith tension, and (c)
Goss-textured AGG and NGG after annealing at 1100°C under Ar with tension.

Thus, the deformation energy and strain effects on differemt grawth phenomena by

strain annealing process with tapered samples were understood in this.chapter
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5.4 Strain Annealing with Uniform Sample

Based on the results from chapter 5.3, the strain annealing wittraad dog-bone
shape of Galfenol rolled sheet samples were investigated. Thenueifalog-bone samples were
pre-annealed at 850°C for 15 hours under Ar atmosphere to make homogensoyshallized
samples without any stored deformation energy due to rollingy, The samples were tensioned
with a Materials Test System (MTS) (Figure 36) at mperature of 500°C and a constant
displacement rate of 1 x (PAL0%s) until the sample elongated with 3% engineering strain.
These conditions were selected because AGG of tilted Cube ande®tss were observed at
the region of 3% engineering strain shown in Table 8 in this chapter deformed samples
were annealed at 1000°C for 1 and 3 hours under Ar atmosphere.

Figure 50 shows the optical image of tensioned sample witmstant displacement rate
of 1 x 10%s. The gauge section of the sample elongated with 3.3% enginstsding however,
the gauge section deformed with different engineering stmam fregion A, B and C,
respectively. The regions A and C deformed with 1.7% enginestiam, and the center of the

sample (region B) deformed with 3.2% engineering strain.
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Figure 50 Optical images of as tensioned Galfenol rolled sheet sample with

a constant displacement rate of I%%0

After annealing at 1000°C for 1 hour, NGG was observed only aetjierr of B and no

grain growth phenomena was observed in region A and C. Figure &idap) show the IPF

images from region A and B after annealing. It is suggested 1thd&6 engineering strain

provides insufficient strain for grain growth at 1000°C annealing.
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Figure 51 IPF images of Galfenol rolled sheet sample that annealed a€ X60Q°hour

(a) 1.7% engineering strain and primary recrystallization, (b) 3.2% emigigestrain and
NGG

Figure 52 shows the optical image of tensioned sample witngtant displacement rate

of 1x10%s. In this case, the gauge section of the sample uniformly etmhgeth 2.7%
engineering strain.

7.04mm 7.06mm 7.06mm
BEFORE
TENSION
]
6.85mm 6.87mm 6.87mm
AFTER
TENSION

-l e =~

1.5mm elangation
Figure 52 Optical images of as tensioned Galfenatdatheet sample with a const

displacement rate of 1xP6s showing dimensions before and after tensioning of the
sample.
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After achieving uniformly elongated Galfenol sample with 2.7% reggying strain, the
whole sample was annealed at 1000°C under Ar atmosphere for 3 hgure. 53 shows the
IPF image of annealed sample. The NGG with 1mm average grairisimeter was observed
along the whole gauge section. However, no AGG was observed in thesarhus an
engineering strain of 2.7% was also out of range to produce AGIBisl case the overall stored
deformation energy is about 68MPa. To investigate the AGG phenonsenafermed Galfenol

rolled sheet sample, further study on the other conditions should be undertaken.

(100) (110)

2mm .
] Gauge section

Figure 53 IPF image of uniformed Galfenol rolled sheet sample with 2.7%eemigig

strain that annealed at 1000°C for 3 hours.

5.5 Conclusion

In conclusion, the strain annealing effect with the tapered and imdog bone samples
was investigated in this chapter. Two different fracture modes wletained after tension tests
and then those samples were annealed at different temperatungsa@ial grain growth was
observed in the brittle fractured sample that was tensioned at 200r@ 5x10%/s displacement

rate due to insufficient stored deformation energy as 16MPa aufficrent strain for promoting
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grain growth. Tilted Cube and Goss-textured strain-induced AGG wleserved in ductile
fractured samples that were tensioned at 500°C with a“IxHisplacement rate. These AGG
phenomena were observed at 1000°C and 1100°C annealing for 3hr., respethigeig the
contrast with anneal at 1200°C that is required for AGG in sssrgpinealed under Ar that have
not been strained. Deformation energy of 410MPa and 2-6% engineedimgagitivated grain
boundary migration and decreased the annealing temperature need&Sdo 1000°C. From
different regions of the tapered samples, diverse grain growth matesobserved, including
predominantly primary recrystallization, AGG and NGG. The optistadin rate (18/s) and
critical strain (2-5% Eng. Strain) for AGG in tapered Gadferolled sheet were identified,

however, these conditions did not work for AGG in uniform Galfenol rolled sheet samples.
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Chapter 6: Ga loss during High Temperature Annealiy Process

6.1 Introduction

Ga content affects magnetostrictive properties, thus it is tanuaio have an optimal Ga
content of 19mol.% after a high temperature annealing processuggested that the Ga atoms
evaporate through the grain boundaries during a high temperature agn@aicess through
grain boundary diffusion. Grain boundaries contain large numbers of defiectsas individual
vacancies and interstitials, and grain boundary diffusion can occutisesia defectS>At high
temperature, the presence of large concentration of these defaasely affects atomic
diffusion. Thus, the Ga loss during high temperature annealing at 1000°CC1400 1200°C

was investigated using an electron probe micron analyzer (EPMA) analysis

6.2 Result

6.2.1 Ga loss during High Temperature Annealip at
1200°C

The Ga loss during high temperature annealing at 1200°C was intexstiga EPMA
analysis. A one hundred point analysis was conducted on 12mm x 12mm xrD@&tenol
rolled sheet samples with a spatial resolutiomest than Im (0.001 mm)by EDX in EPMA.
The samples were annealed for 2, 3 and 4 hours under Ar atmosphereFTihedes of these

samples are shown in Figure 21. The Ga content in the initial irepd8.81%, which was very
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close to the targeted Ga content. This decreased by just 0.0&%hafthot and warm rolling.
Thus, the Ga content of the as-rolled sample was 18.76% Ga as shbigare 54(a). However
Ga content decreased as the annealing time increased. Attileaimnealing stage of 2 hours,
the Ga content decreased by 1.74% (Figure 54(b)) from the onealfeisstates. The decrease
in Ga content continued with longer annealing processes, but at aralewlLess than
approximately 0.6% and 0.07% additional Ga loss was observed in the 3hand dnnealed
sample, respectively. Thus the final Ga content in the 4 hour anrszalgule was 16.33% as
shown in Figure 54(d). This Ga loss phenomenon supports the theory theagdaates through
grain boundaries during high temperature annealing at 1200°C.

The changing rate of Ga loss can be explained by grain dieeedces with anneal
duration. Fewer grain boundaries mean larger grain size in aispamda and make Ga
evaporation through the grain boundaries during high temperature agneadire difficult.
Conversely, more grain boundaries mean smaller grain size and onaasier Ga evaporation
through the grain boundaries during high temperature annealing. In the @rnmaaled sample,
the average grain size diameter is 1pth2and the sample shows a greater rate of Ga loss than

the 4 hour annealed sample which had a 540.8verage grain size diameter.
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Figure 54 EPMA point analysis on Ga losses from Galfenol rolled sheptesaas a
function of annealing time for 2, 3 and 4 hours at 1200°C under Ar atmosphere.

Figure 55 shows the rate of Ga loss as a function of anneatieg fis shown in this
graph, 2% Ga loss occurred at the initial stage of annealingggdor 2 hours and less than 1%
Ga loss occurred after 2 hour annealing process. For an averagg degsain boundaries of
54/mnf, Ga loss rate was about 0.87%Ga/hr. as shown in Figure 55. As nofmbpeins
decreased due to AGG, average density of grain boundariesagedrto 21/mfrand the rate of
Ga loss was 0.53%Ga/hr. Finally, as number of grains decreasedNiG&taverage density of
grain boundaries decreased to 6/rand the rate of Ga loss was 0.16%Ga/hr. Thus we need to
be aware of Ga evaporation, which deteriorates magnetostnetin@mance, especially in the

early stage of high temperature annealing process at 1200°C.
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Figure 55 The rate of Ga loss in Galfenol rolled sheet samples as ariurfcéinnealing

time at 1200°C under Ar atmosphere.

6.2.2 Ga loss during Strain Annealing at 1000°C &110°C

Ga loss during strain annealing at 1000°C and 1100°C was investigatetPNMA
analysis as shown in Figure 56. A fifty point analysis was conduogeegion between A and B.
No Ga loss was observed in the 1000°C annealing process, irrespaiciannealing time.
However, significant Ga loss was observed from the 1100°C anneal@iesaspecially near
the fractured site, labeled B. The average Ga composition ihlid@°C annealed sample was
16.28% which is about 2% lower than in the samples that were anned®004C, and the
minimum Ga composition at fractured site B was 9.7%. This Gaagsition is notably lower
than the average Ga composition of the 1000°C annealed sample. lttshbav$arge amount of
Ga evaporated during the primary recrystallization phenomena at@1865ugh many sub-

grain boundaries, caused by tension, in the region close to the fractured site (point B)
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Figure 56 Variation of Ga content in Galfenol rolled sheet samples depends dimgnnea
time and temperature.

6.3 Conclusion

About 2% Ga loss was observed during the initial stage of annglatimgver, the rate of
Ga loss decreased as the increasing grain size along witicteasing annealing time when the
samples were annealed at 1200°C under Ar atmosphere. For a gingardture, rate of Ga loss
decreases as density of grain boundaries decreases and a dagrsity looundaries decreases as
grain size increases during high temperature annealing.

For tapered Galfenol rolled sheet, strain anneal at 1000°C digkhittit Ga loss, while
anneals at 1100°C and above exhibited Ga loss at rates that demendedsity of grain

boundaries and temperature.
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Chapter 7. Summary and Future work

In this dissertation, the abnormal grain growth in magnetosgiialfenol rolled sheet

was investigated. The background for this dissertation is written in chapter 2.

In chapter 3, the role of CSL and of the energy assocwtbdmisorientation between
grain boundaries on abnormal Goss-textured grain growth in 1% NbC &idfshol rolled
sheet annealed under Ar was investigated. Grain boundary charattbution (GBCD) results
for all samples showed a global trend of that the number fracfi@SL boundaries remained
fairly constant, which does not support CSL as the mechanism donopng Goss-textured
AGG. However, a high percentage of high energy, middle angtermantation (20° - 45°)
boundaries was observed around abnormally grown Goss grains, which suppd#tsGBe
model for Goss-textured AGG in Galfenol rolled sheet.

In chapter 4, the effect of tension annealing on AGG in 1% NbC addken@ rolled
sheet was investigated. Tension anneal with ductile fractur&0@0°C did not promote
development of AGG. Also this process does not promote NGG at thpertaiure. Though
deformation energy of 93MPa was introduced during tension annealicgsprohowever, it
appears to not be stored inside the sample because of the simuliameeaisas the sample was
being deformed.

In chapter 5, the strain annealing effect with the tapered andmnifog bone samples
was investigated. The strain annealed samples with brittléufeacnode did not promote
development of AGG at 1000°C and 1050°C even more than 10hr annealing drottesscase,
the estimated deformation energy to the sample was only 16MRas Itonsidered that these

samples contain too little deformation energy for grain boundary timgrat these annealing

108



temperature and insufficient strain for reaching the critgtedin needed for grain growth.
However, strain annealed samples with ductile fracture mode prateggdopment of AGG

during 1000°C and 1100°C annealing processes. Strain annealed sduaipfased in a ductile

fracture mode stored much more deformation energy, i.e. ~410MRad Tiltbe-textured AGG
was observed for a 1000°C anneal and Goss-textured AGG was olfeeradd 00°C annealing
process. It is considered that SIBM as a nucleation mechanisiminaduced due to strain and
was the main reason for AGG, leading to a Cube texture for aan&@00°C. Anneal at 1100°C
drove the Goss texture growth in spite of the presence of nuclé@@dgfains. However, more
detailed research on this phenomena should be investigated.

In chapter 6, the Ga loss during high temperature annealing at 120@fChigh
temperature strain annealing at 1000°C and 1100°C were invedti§atea given temperature
at 1200°C, rate of Ga loss decreased as density of grain bosndiecreased and the density of
grain boundaries decreased as grain size increased during highatemgannealing at 1200°C.
For a given density of grain boundaries from strain annealed samples & H3@D1100°C, rate
of Ga loss increased as annealing temperature increasedtr&ior annealed samples, strain
anneal at 1000°C did not exhibit Ga loss, while anneals at 1100°C and above exhibiss &a |
rates that depended on density of grain boundaries and temperature.

Based on this dissertation, additional study on strain annealifiguniform samples
should be carried out to obtain optimal condition for Cube- and GossaexA@G in uniform

Galfenol samples.
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Appendix A

Characterization Technology
- Electron Back Scatter Diffraction (EBSD)-

A-1 Overview

EBSD is based on the acquisition of electron diffraction pettéom individual points
on the surface of samples in the scanning electron microscop.(8&EAccelerated electrons
in the primary beam of an SEM can be diffracted by atomiadayecrystalline materials. These
diffracted electrons can be detected when they impinge on a phospieen and generate
visible lines, called Kikuchi bands, or “EBSP” (electron backscatiterns). These patterns are
effectively projections of the geometry of the lattice plaimethe crystal, and they give direct
information about the crystalline structure and crystallographimtatien of the grain from
which they originate. The term “orientation imaging microscoyM) is used to describe the
process of measuring orientation over areas that are large comparete#dutes of interest such
as the grain or subgrain. When used in conjunction with a databasscthdes crystallographic
structure information for phases of interest and with softwarerocessing the EPSP’s and
indexing the lines, the data can be used to identify phases basegbtah structure. A typical

EBSD installation is shown in Figure 57.
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Figure 57 Schematic diagram of a typical EBSD setup.
(image from reference 117)

Back-scattered diffraction patterns are generated from ldoér@n beam that interacts
with the crystal surface to a depth of a few tens of nm. In geevary well-polished sample is
tilted about 60°-70° relative to a normal incidence of the electeamkto optimize the yield of
back-scattered electrons when the EBSD is carried out. Aslébron beam strikes the surface
of a sample, a diffraction pattern, called a “Kikuchi pattern,yjemerated due to the elastic
scattering of electrons from the lattice planes on the phosptemnsclhese patterns are used to
identify the phase, to index the pattern, and to determine the orientation of taéfooystwhich

the pattern was generated.

111



A-2 Formation of Diffraction Patterns

When a narrowly focused electron beam enters a crystattiaerial, the striking
electrons disperse beneath the surface from a small interactiume and subsequently diffract
from planes in the crystal lattice forming distinct bands systematic manner, provided Bragg
condition is satisfied as shown in equation A-1
2 =2dsing (A
A is the effective wavelength, d is the spacing between differgstal planes an@lis the angle
of incident beam. The diffracted electrons effectively forpag of cones for each set of crystal
planes. The mid-plane between the cones is parallel to the fstan which the pattern arises.
Thus, the geometrical distribution of cones is identical to thetatrydanes and therefore,
possesses all the symmetry of the crySfalThe optimal angle between the incident beam and
the normal to the sample surface should be over 60° to minimizeptibepiand only the high
energy electrons contribute to the illumination of phosphor which gisests the recordable

diffraction pattern.

A-3 Texture Analysis

In materials science, texture is the distribution of chigggeaphic orientation of a
polycrystalline sample. A sample in which these orientationfulyerandom is said to have no
texture. If the crystallographic orientations are not random, lug s@ame preferred orientation,

then the sample has a weak, moderate or strong texture. The degiependent on the

112



percentage of crystals having the preferred orientation. Teitw®en in almost all engineered
materials, and can have a great influence on material prapefieee commonly forms of

texture representation are used. They are pole figure (PF)sénymle figure (IPF) and

orientation distribution function (ODF).

All texture analysis begins with the measurement of the paleefigrhe pole figure is a
stereographic projection which shows the distribution of pole deasita function of pole
orientation for a selected crystallographic plafle. In a {hkl} pole figure, the selected
crystallographic plane is {hkl} and the term pole is defined as tleetibn normal to the {hkl}
plane. Suppose we have a sheet sample of cubic metal containingOogigins, and that we
represent the orientations of all grains in terms of a {100} pole figure; a total of 3 x 10 =30 pol
will be plotted on the projection because each grain has three {100} pblese poles will be
randomly distributed if the grains have a completely random orientgdigare 58(a), however,
if a preferred orientation exists, the poles will tend to elusigether into a certain area of the

projection as shown in Figure 58(b).
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Figure 58 (100) pole figures for sheet material (a) random orientation and (b)
preferred orientation. R.D. (rolling direction) and T.D. (transverse directien) a

reference directions in the plane of the sheet. (images from Park (119))
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Single axis texture can be displayed on an inverse pole figuree Biacrystal axes are
fixed for an inverse pole figure, the pole figure may be reducemughr crystal symmetry
operations as shown in Figure 59. An inverse pole figure is plotted porteon of the
stereographic projection in such a manner that only one pole firamily of poles will occur

within each area, since no distinction is made between families of directions.

{111) grain

{100)grain  {110)grain

Figure 59 An inverse pole figure for the cubic class where the crystslaa® fixed.

(image from Schwartz, Kumar and Adams (116))

In the case of very simple textures which consist of onlyalsmmber of orientations,
the pole figure may be sufficient to represent the entirautexinformation in a clear and
guantitative way. However, when the poles of different orientationsapyehe intensities of the
individual poles comprising a given orientation cannot clearly bersssitp that orientation. In
addition, most experimental pole figures are incomplete pole gasising a reduction of the
texture information available in such pole figures. To overcomegetlobeawbacks and thus to
permit a quantitative evaluation of the texture, one needs to deshablorientation density of

grains in a polycrystalline sample, and in an appropriate threeigiomal representation, called
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Orientation Distribution Function (ODF). In the ODF, an orientatiam loa specified by three
Euler anglesd;, [1, ¢2) as shown in Figure 60. The three Euler angles are in the oafgep;
>2n, 0< [ >2n and & ¢, >2n. However, in a cubic system the range can be reduced ¢a 0

>n/2, 0 [ >n/2 and & ¢, >n/2.
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Figure 60 Schematic of three dimensional graphical representations atiprgeof ODFs in

Euler space. (image from Schwartz, Kumar and Adams (116))

In the case of steel, the textures can be illustrated vdhbwelotting the section with
¢2=45° because this section contains all of the important texturpareents of deformation and
recrystallization texture. Figure 61 shows the ideal texturitmt in thep,=45° section of ODF

in bcc metals.
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Figure 61 Schematic representation of the main texture componentps-#is

section of ODF in bcc metals. (image from Park (119))
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