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Chapter 1: Introduction

The goal of the research presented in this thesisoicharacterize the
mechanical behavior of iron-gallium alloys (knows@alfenol) with an emphasis on
understanding the negative Poisson’s ratio behaviothese alloys. Experimental
results obtained for a comprehensive set of altbysugh various testing methods,
primarily tensile testing and resonant ultrasoupectroscopy are presented and
discussed. In addition, comparisons between thengesnethods, and between the

experimental data and a theoretical model are ptede

1.1 Motivation

Iron-gallium alloys, Feo,Ga, 0<x 35, are a unique material that have
shown great potential for numerous applicationsciMaf the interest in this alloy has
been centered on its strong magneto-mechanical lingupotherwise known as
magnetostriction. Consequentially, significant esh has been done in
understanding and quantifying the magnetostrictbrthis alloy (see for example
[1,2]). This capability lends itself very well teansducer applications, from the nano-
scale to macro scale. Development of any applicaticowever, will require
knowledge of the engineering elastic propertiegshdugh some research [3] has
begun to examine the elastic properties, it way &l a few compositions and was
not specifically intended to aid engineers. Onéhefgoals of this research, therefore,

was to generate a more comprehensive database efastic properties of Galfenol



for the full range of compositions, with the inteof using the database for
engineering applications.

In addition to exhibiting magnetostriction, Galféatso possesses the unusual
attribute of demonstrating in-plane auxetic behavitis is a term for materials that
possess a negative Poisson’s ratio. Although awnkethavior is observed in other
materials, Galfenol exhibits a unique combinatioin high auxeticity and high
strength. This makes Galfenol an ideal candidateaf@ariety of novel applications
for which no other materials are suitable. Consetijyean additional focus of this

research has been on understanding and quanttfyenguxetic behavior of Galfenol.

1.2 Crystallography

Galfenol’s auxetic behavior and the magnetostictoe both maximized in
single crystal samples. In single crystal Galfertble mechanical and magnetic
properties change with respect to the crystalcttlherefore, a brief overview of
crystal structure and the Miller indices nomendetwill aid in discussion of the
properties examined in this work.

A single crystal material is a material in whiche tperiodic and repeated
atomic pattern extends throughout its entirety authinterruption [4]. The Galfenol
samples studied here all possess a body centeled BCC) crystal lattice, shown
schematically in Figure 1.1. The lattice is assumage comprised of iron atoms with

randomly distributed gallium atoms taking the plat@on atoms.



(@) (b)) (c.)
Figure 1.1: Body centered cubic lattice: (a.) hard sphere ealltrepresentation, (b.)

reduced-sphere unit cell, (c.) aggregate of maoymat [4]

Grouped Miller indices are traditionally used tosdebe the vector for a
particular direction [u v w] or a plane (u v w) aflattice. Figure 1.2 shows a BCC
cell with the [100], [010], [001] and [110] directis marked, as well as the (001)

plane. In this cell, the back left atom on the dwttsurface is taken as the origin.

[001]
(001)

[100]/ [110]

Figure 1.2: BCC cell with Miller index notation for the [100])10], [001] and [110]

directions and the (001) plane.



The maximum magnetostriction is observed along10€] direction when a
magnetic field is applied along that same directi@nnegative Poisson’s ratio is
observed in the (001) planes along thelld] direction when a tensile load is applied
along the [110] direction. A simultaneous large tcaction occurs along the [001]
direction, thus volume is approximately conserv@€ibnsequently, these are the
directions and planes focused on in this resedrehl.corresponding Poisson’s ratios
are written a0, 010)and Na1o, 110y Where the first subscript represents the load
direction and the second identifies the directiams$verse to the load. Generally, the

first subscript will be left off in the remaindef this thesis.

1.3 Negative Poisson’s Ratio

1.3.1 Origins and causes of auxetic behavior

Galfenol is one of only a few known materials tispess a very low negative
Poisson’s ratio, with measured values of as low(ag [2]. Auxetic behavior is
present in single crystal specimens of a largeetsanf metals, such as nickel, copper
and gold, however, it is much smaller in these neltg typically on the order of -0.1

[9]. Theoretical research has suggested that it regyossible to achieve a Poisson’s
ratio of less than -1 in a hypothetical cubic matel6]. Table 1.1 shows a list of

some of the various materials that exhibit a negd#oisson’s ratio.



Table 1.1: Some sample auxetic materials [5,6].

Material Crystal structure Nz 10
Lithium bcc -0.5498
Iron bcc -0.0587
Nickel fcc -0.0676
Copper fcc -0.1358
Galfenol fcc -0.75
Hypothetical cubic material -1

An atomic basis for the phenomenon of auxetic b@nas shown in Figure
1.3. When atoms 2 and 4 are pulled apart, atomsd13amove closer to the center,

thus pushing atoms 5 and 6 outwards.

Figure 1.3: Atomic basis for auxetic behavior [7].

More significant auxetic behavior can be achieveth@ geometry changes in
manmade materials, such as foams and honeyconttuses, but these materials are

usually not high strength. These materials have laeeund since the 1950s and have



shown potential for a variety of applications, rexggfrom mattress cushions to use in
nuclear reactor cores [8]. Figure 1.4a shows armsahe of an auxetic honeycomb

structure, and Figure 1.4b shows an auxetic keym#t-btructure.
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structure [8].

1.3.2 Applications for Galfenol's auxetic behavior

The combination of large negative Poisson’s rdtigh strength (~530 MPa
yield strength [9]) and magneto-mechanical couptirake Galfenol a very promising
material for novel devices. There are a numberpplieations that could utilize the
auxetic behavior and high strength. One exampleldvive a press-fit fastening
device. Figure 1.5 shows an exaggerated schemi@atiow this might work. If an
auxetic fastener is compressed, its width will gatrower, allowing insertion into a
holder. When the compressive load is removed, dseeher will widen and thus be
stuck in place. Any applied tensile load would @atre fastener to widen even more,

making it nearly impossible to remove.



Unloaded

[110]
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e

Auxetic fastener

Compression Tension
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Figure 1.5: Press-fit fastening device utilizing auxetic babay9].

Another application would be something that madeafghe high indentation
resistance of an auxetic metal alloy like Galfe#olmaterial with a highly negative
Poisson’s ratio will have better indentation resmise than a typical metal alloy,
because of the increased hardness along the [lLddtidn. This is illustrated in

Figure 1.6.

Mon-auxetic Auxetic ~
—
—
i L

Figure 1.6: Indentation resistance of a non-auxetic and acixesterial [8].



1.4 Magnetostriction

Since one goal of this study is to aid researckeerdying the magnetostrictive
capabilities of Galfenol, a brief introduction teat phenomenon will be presented.
Magnetic materials generally exhibit a couplingwestn the magnetization and the
strain in them. Hence, the dimension of these nagecan be changed by applying a
magnetic field. Conversely, the magnetization shmple can be altered by applying
a stress. This behavior is known as magnetostnicti@alfenol has been shown to
exhibit moderate magnetostriction, ~200 to 40® under low magnetic fields, ~200
to 400 Oe [1]. This combined with its low hystesesind desirable mechanical
properties (i.e. ductility, high yield strength) kesit an ideal candidate for transducer
applications [9].

Under no applied magnetic field and no appliedsstrea magnetostrictive
material is comprised of randomly oriented magnetaments. If a magnetic field is
applied along the longitudinal axis of a magnetoste rod, the moments will rotate
such that their longitudinal axes are aligned \ilitlh magnetic field. If a compressive
stress is applied along the longitudinal axis cé tlod, the moments will orient
themselves so they are perpendicular to the apptieds. The strain resulting from
the total length change as the moments rotate &ibperpendicular to all parallel is
defined as the saturation magnetostriction. Thithé phenomenon responsible for

Galfenol’s actuation behavior, and it is shown schtcally in Figure 1.7.



(b)
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Figure 1.7: Schematic of Galfenol’s actuation behavior [ITe green block

represents a constant applied stress. The appdield{ increases

from (a) to (c).

This process can be reversed to produce a senfigw. A saturating field
initially causes all the moments to align paraitethe rod axis. Increasing the applied
compressive stress will cause the moments to retath that they are perpendicular
to the rod axis. This causes a change in magnetizaf the sample, which can be

measured. This phenomenon is shown schematicaffigure 1.8.



¢ (increasing compressive stress)

Figure 1.8: Schematic of Galfenol's sensing behavior [10]. The

applied stress increases from (a) to (c).

Prior studies [2] on the effect of composition hadentified Galfenol alloys
with up to 30 atomic % gallium as the useable negbcompositions. As shown in
Figure 1.9, magnetostriction peaks are observedamples having 18 and 27.5
atomic % Ga. Below 17 atomic % Ga, Fe-Ga alloystekthe disordered A2 phase,
as seen in Figure 1.10. Above 17%, ordered strestsuch as B2 and D03 begin to
be observed, which hinder the magnetostriction.[Thle second magnetostriction
peak at 27.5 atomic % Ga is attributed to the extliaary lattice softening of the
alloy [2]. Since it is desired to use the high metgstriction as well as good
mechanical properties of the alloy in most appioma, most transducer

characterization studies have focused on the Gallfdloys near the first peak.
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Figure 1.9: Magnetostriction as a function of alloy compositior Galfenol [12].
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Figure 1.10: Fe-Ga phase diagram [13].
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1.5 Cubic Crystal Elasticity

As discussed in Section 1.3, Galfenol possesses caystal symmetry. An
overview of the elastic properties for a cubic matas presented here. A generalized
form of Hooke’s law gives the relationship betwestress and strain for an arbitrary

material in terms of 6 elastic constants [14]:

= (1.2)
t 23 C14 CZ4 C34 C44 C45 C46 g23
t 13 C15 C25 C35 C45 C55 C56 g13
t 12 C16 C26 C36 C46 C56 C66 g12
Equation 1.1 can also be written as:
[s]=[cle] (1.2)
or le] =[s]s] (2.3)

where the [S] matrix (known as the compliance matis the inverse of the [C]
matrix (the stiffness matrix) written out in Equoatil.1.
Symmetry inherent in a material with a cubic stuwetallows Equation 1.1 to

be simplified so it can be written in terms of oBlyndependent elastic constants:

Sn ¢, C G, 0 0 0 e,
S C, ¢y G 0 0 0 e,
S33 - ¢, C, € 0 0 0 ey (1.4)
Lo 0 0 0 ¢ 0 0 g,
l1s 0 0 0 0 ¢ 0O g
Iy, 0 0 0 0 0 cu g
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This equation can also be written in the form ofu&gppn 1.3, with three
independent compliance terms in the [S] matrix. réfere, to fully understand the
elastic response of single crystal Galfenol, ibmty necessary to know ¢ ¢, and
C44. From an engineering standpoint, however, it isromore useful to convert these
properties into the Young’s modulus and Poissaati® 1in the direction of interest.

The Young’s modulus in an arbitrary direction [hkBn be calculated using
the following equation [15]:

1
E[hkl]

=8,-28,- 8- 38, (2?07 +a’g* + ') (1.5)

wherea,b,g are the direction cosines of the [hkl] directiotharespect to [100], [010]
and [001]. %1, S, and Q4 are the elastic compliances and they are relatettied

elastic stiffness constants for a cubic systenobews [15]:

— C11 + ClZ (1_6)
Sll (Cll - C12)(Cll + 2C12)
= " G (1.7)
Slz (C11 - Clz)(cn + 2012)
1
S, =— (1.8)
44 Cos

Similar concepts can be used to derive the direatip dependent Poisson’s
ratio equations (see Section 4.1.2).

From combining Equations 1.5 through 1.8, the elasbperties of interest in
this study can be calculated. The following equegicorrelate the elastic properties

to the individual elastic stiffness constantg for a cubic system [9]:

13



Eioq = (1.9)
ned C11 + C12
4c,R
1.1
o = Rioc (1.10)
ClZ
Mg = (1.11)
[01g
CtCp
R- 2c,,
= 1.12
Mo = 7 20 (1.12)
1
whereR = C—(c11 - C,)(c; +2¢,,) (1.13)

11

Applying a load along the [110] direction will csiauxetic behavior in the
[110] direction, however it will also induce strain the [001] direction. The
combination of the strains in three directions Mssun approximate volume
conservationnyoy; can also be calculated:

4012044
C11( R+ 2044)

Mooy = (1.14)

The set of Equations 1.9-1.13 can also be invettedbtain the elastic

stiffness constants as a function of the engingeglastic properties:

c, = (- Mo19) Ernog (1.15)
(1+/7[0101)(1' 2,7[010])

Gy = o1 Suon (1.16)
(1+/7[01q )@- 2’7[0101 )
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R
S (1.17)
2@R- Eyyy)

Rn . -
Cys = ﬁ (1.18)

[110]

These relationships enable a thorough understarmditige elastic behavior of

the Galfenol samples studied here.

1.6 Theoretical Approach

A theoretical model for predicting the elastic béba of Galfenol was
developed by Zhang and Wu at the University of {Galia, Irvine [16]. To examine
the effectiveness of this model, three Galfenol gas were chosen such that the
results obtained experimentally in this thesis ddu# directly compared with results
obtained by Zhang and Wu using their model. Themammson of the results of the
two approaches is presented in Chapter 4. Thigoseutll provide an overview of
the theoretical model.

The Viennaab initio simulation package (VASP) [17,18] was used to
investigate the mechanical behavior of Galfenol. #ietched in Figure 1.11,
supercell models with 16 atoms were created fagok€a, (X = 6.25 ~ 25) alloys, in
which 1, 2, 3 or 4 (6.25, 12.5, 18.75 or 25% retpely) of the 16 atoms in the
supercell were Ga. Fe and Ga atoms were arramgge ibcc lattice, without Ga-Ga
first neighborhood. The lattice sizes and atomisifmns of these structures were

optimized according to the energy minimization gaheres guided by atomic forces.

15



Figure 1.11: Atomic configurations for the cubic structures Béoo.,Ga
alloys with x=6.25, 12.5, 18.75 and 25. Blue antkalls are

for Fe and Ga atoms, respectively. [16]

The 16-atom supercell was employed in an attempitalance the need for
higher compositional resolution accuracy with coaists on computational
time/processing capabilities. From test calculaianth a 128-atom cell, it was
observed that the elastic constants are rathengitsee to the cell size and change of
distribution of Ga atoms.

For determining the elastic stiffness constants,o,; and g4, different lattice
strains were applied and the strain dependencatalfénergies was analyzed [19,20].
For example, £ can be determined through the energy changeunder the tri-axial

shear straie=(0,0,0,, , )as:

:gc & (1.19)

Similarly, the tetragonal shear modulas=1/2(C, - C,) can be calculated from the

volume-conserving orthorhombic stram (, , (1+ )1, 0, 0, 0) by using:

%=6C%’2 +0(d’) (1.20)
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1.7 Experimental Investigation Overview

The experimental investigation was undertaken ia parts. The first stage
was tensile testing. For these experiments, siciyi&tal samples of Galfenol were cut
into the shape of dogbone tensile specimens, anel @lastically loaded at a constant
strain rate. From this, the Young's modulus ands&an’s ratio were calculated. The
second stage was resonant ultrasound spectrosBajfy)( which is a technique that
predicts the elastic behavior of a material by meag its resonant frequencies. For
these experiments, single crystal parallelepipddsaifenol were used. The two sets
of results were then compared. In addition, thesitertesting and RUS results were

compared with the theoretical model discussed oti@e 1.6.

17



Chapter 2: Tensile Testing

This section describes the tensile testing dortbigstudy. It begins with the
preparation and analysis of the samples used, dimguthe results of composition
analysis of the test specimens. It next reviewdeleequipment, data acquisition and
reduction, and the overall test procedure. It thscusses the finite element analysis
study of the tensile samples. It concludes withrémuilts of the tensile testing and a

discussion section.

2.1 Sample Preparation

Since the elastic properties of single-crystal f@wll are dependent on
composition, crystal orientation and heat treatmardiscussion of the samples used

in this study is presented here.

2.1.1 Material preparation

The samples were prepared at the DOE Ames Labgratofollows. A single
crystal of Fepo.,Ga was grown in an alumina crucible by the modifieddBman
technique. The starting ingot for single crystabwth was prepared by arc-melting
appropriate quantities of Fe (99.99% purity) and (@999% purity) metal several
times under an argon atmosphere. The button wasréienelted, and the alloy was
drop-cast into a copper chill cast-mold to ensummpositional homogeneity
throughout the ingot. The alloy was heated in aivat of 1.3 x 1¢ Paup to 1075 K
to degas the crucible and charge. The chamber heas lackfilled to a pressure of

275 kPa with high purity argon. The ingot was thHarther heated to the growth

18



temperature and held for 1 hour to allow thoroughkimg before withdrawing the
sample from the heat zone at a rate of 4 mm/h.ofaillg growth, the ingot was
annealed at 1000 °C for 168 hours. Several samydes additionally annealed later

at 800 °C for 1 hour under flowing argon and thextevquenched.

2.1.2 Specimen preparation

The crystal orientation was determined within 0.85thg Laue X-ray back
reflection and then cut into tensile specimens fég 2.1 and 2.2) by electro-
discharge machining. After machining, the oriemtatof each specimen was again

checked by Laue X-ray back reflection.

ﬁ Load directiol

strain gage
2mm x 5m

Figure 2.1: Schematic of the [100] and [110] Fe-Ga dogboneileesamples

used in this study.
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Figure 2.2: Photo of a typical Fe-Ga dogbone tensile sample.

2.2 Specimen Analysis

Energy dispersive X-ray spectroscopy (EDS) and Vesngth dispersive X-ray
spectroscopy (WDS) were used to determine the ceitipo of each specimen. A
sample of known composition of &6as was used with each specimen as a
calibration standard. Three points were chosengatba surface of each sample, and
the composition at each point was measured to emracy of 0.21 percent or better.
The composition of each sample was given by Amdsotatory when the samples
were first manufactured, however, no specific infation about precision or
accuracy was provided. In addition, most of the gasiwere produced about four
years ago, and re-measuring the composition wagpgaortunity to ensure that the
gallium had not depleted over time. Most of the gla® were close to their specified

nominal values. Table 2.1 summarizes the results.
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Table 2.1:Composition analysis of the Fe-Ga dogbones.

Orientation Nominal Ga | Measured Ga| Change Relative
content (at%) | content (at%) change

[100] 12.5 11.9+0.1 -0.6 -4.8%
[110] 12.5 12.0+ 0.2 -05 - 4.0%
[100] 17 17.5+0.3 +0.5 +2.9%
[110] 17 17.3+0.3 +0.3 +1.8%
[100] 19 19.1+0.2 +0.1 +0.53%
[110] 19 19.1+05 +0.1 +0.53%
[110] 18.7 19.5 + 0.2 +0.8 +4.3%
[100] 21 21.1+0.1 +0.1 +0.48%
[110] 21 21.1+0.2 +0.1 +0.48%
[100] 25 25.4+0.1 +0.4 +1.6%
[110] 25 25.3+0.3 +0.3 +1.2%

Six of the tensile samples underwent a heat traatee800° C for one hour.
As a result of this, the samples all showed gallidepletion, which is commonly
observed. The compositions of those six samples weasured using WDS before

and after heat treatment. Those results are pessaniTable 2.2.
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Table 2.2: Composition analysis of the Fe-Ga samples befodeadter a heat

treatment of 800° C for one hour.

Orientation Original Ga Final Ga Change Relative

content (at%) | content (at %) change

[100] 17.5 146 +0.6 -29 -16%
[110] 17.3 158+ 1.3 -1.5 -8.7%
[100] 19.1 18.2+0.3 -0.9 -4.7%
[110] 19.1 179+ 0.5 1.2 - 6.3%
[100] 21.1 20.4 £ 0.2 -0.7 -3.3%
[110] 21.1 20.4 £ 0.3 -0.7 -3.3%

2.3 Experiment Procedure and Equipment

2.3.1 Test procedure

Each specimen was subjected to tensile testingguainhydraulic MTS
machine operating at constant cross-arm velocitgitbier 0.5 m/s or 1 m/s, which
applied a maximum load corresponding to approxiipat80 MPa. This was below
the predicted yield strength for all the sampleS0@- MPa [9]). Because of slight
differences in cross-sectional area, the stresed/atightly for each sample. The tests
were done at room temperature and without an appimagnetic field. Special
fixtures were used to accommodate the small sizeeoEpecimens and to ensure that

the load was applied along the desired axis.
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2.3.2 Experiment equipment

During testing, the specimen was housed in a grjpghich is shown in
Figure 2.3. The gripper was fabricated from 10Elsta high strength material. The
gripper had a self-aligning groove to center thecgpen. To ensure that the specimen
was under pure tension, the gripper was attachdaetdTS machine via a universal
joint at the top and a ball bearing rod eye corgtktd a clevis at the bottom. These
connections prevented the specimen from bendinglipping during loading. The

overall test configuration is shown in Figure 2.4.

Figure 2.3: The Fe-Ga dogbone tensile test specimen beindlatsia the gripper.
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Figure 2.4: Fe-Ga tensile test set-up.

In this setup, the dogbone is connected to a flrad cell at the top and the
moving head at the bottom. As the head first begmamove downwards, the
universal joint at the top will rotate if necesséoyensure the load is applied directly
along the axis of the dogbone. Once that occuresstbegins to accumulate in the
sample. The gripper is designed to transfer thd theough the sides of the dogbone
(as opposed to the faces). This is illustratedigufe 2.5. It can be assumed that once
the sample is aligned, the top portion of the dogbis fixed in place. The load is
applied to the gripper, and then transferred todbgbone through the contact areas
between the gripper and the sides of the lower dfathe dogbone (the red areas in
Figure 2.5). This results in constant stress innthedle section of the dogbone. This

is verified in Section 2.4.
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Figure 2.5: The application of load and generation of straithie dogbones.

2.3.3 Data acquisition

Each specimen had two strain gages attached @né. strain gage measured
the strain in the longitudinal direction (Vishay dvotMeasurements EA-06-015DJ
120) and the other measured the strain in the wemss direction (EA-06-015EH
120). Because of the small size of the speciméesetwas only space for one strain
gage on each side. Each strain gage was connectestrtain indicator (Vishay 3800),
which were connected to a PC-based data acquisstystem. The load data were
measured by the force cell in the MTS machine, tvivas also connected to the PC-

based data acquisition system.
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2.3.4 Error reduction

To check for avoidable errors and to compensateifavoidable errors, each
of the elastic properties reported in this studyemmeasured numerous times. Each
specimen was tested with one set of strain gagektheen retested with a different set
of strain gages. The [110] samples were each tegtbdthree different sets of strain
gages because they showed more variation. In addiiach specimen’s response to
the loading process was recorded and analyzed adetwmies for each set of strain
gages. The variation in these tests was minimaigesting that most of the variation

arose from misalignment of the gages.

2.3.5 Data reduction

A Matlab script was used to analyze the data fr@ohetest. The raw data
consisted of the applied load, the longitudinahistrand the transverse strain. The
load was converted to stress for each sample. Enisna stress vs. strain plot was
created for each sample. Many of the samples shavaidht curvature in the stress-
strain plot at low stress values (generally thestfis% of the data) before the
dependence became linear. This slight curvatusesifrom the delta-E effect, which
occurs in ferromagnetic materials from the reladlip between applied stress and
local magnetization in the sample [21,22]. In asttessed sample under no magnetic
field, the internal magnetic moments are randonmigrded. As stress is applied, the
moments rotate to align themselves with the diogctf the load. This is the cause of

the nonlinearity in the stress-strain plots fostmaterial. Since it generally requires
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under 10 MPa for the moments to align, the stréssasplot becomes linear after that
point.

From the collected data, the elastic propertiesntdrest can be calculated.
The Young’s modulus was calculated as the averafje of stress to strain from the
linear portion of the stress-strain curve, whictswgpically taken to be the last 40%
of the data. This corresponds to approximately 3@@@ points. The Poisson’s ratio
was calculated as the average of the negative oati@ansverse strain to longitudinal

strain, also from the linear portion of the stregsin curve.

g=1 _S @2.1)
n, elong,n
- €
n :1 tran, n (2.2)
n, elong,n

wheren represents the number of data points.

The low-load modulus and Poisson’s ratio are alsesgnted. These are
calculated from the slope of the data as the loadtedhses from 10 MPa to zero,
which is the range of the delta-E effect. Thes@esiwill be presented in Section 2.6,
and will be included in the comparison of the resobtained from tensile testing and
RUS in Chapter 4.

Figures 2.6 and 2.7 show a typical set of strassrsturves. Figure 2.6 is for
the 21.1% [100] sample and Figure 2.7 is for thel@l[110] sample. The delta-E
effect is visible in the start of the data in Fig.6. The negative Poisson’s ratio is

apparent in Figure 2.7 as the slopes of both staives are always positive.
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Figure 2.6: Stress-strain plot for 21.1% sample aligned akiveg100]

direction.

Figure 2.7: Stress-strain plot for 21.1% sample aligned albweg110]

direction.
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2.4 FEM Analysis

Having to apply the tensile testing method to sngrystal samples
necessitated that the dogbones be smaller than AS&ilard size. A finite element
model of the dogbone tensile sample was generaed) ANSYS to examine the
stress distribution. The element used in the doghondel was a solid tetrahedron

with 10 nodes, shown in Figure 2.8.

Figure 2.8: Element used in the FEM of dogbone specimen.

The model was comprised of 2390 elements and 45dés, which was the

finest mesh allowable. The dogbone with the mesdsvn in Figure 2.9.

Figure 2.9: ANSYS model of dogbone after meshing.
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To simulate the method of tensile testing emplayetthis study as accurately
as possible, the dogbone model’s position was cainsd at the areas where the

gripper holds the specimen. This is representeithéyurple sections in Figure 2.10.

-
|||||‘““"“I-I“"m“‘|||||||||||||-|||||||||||-||||||l|||||-|||||\l-“"l-I

Figure 2.10: The applied constraint on the model. The purplgiores

represent areas given a fixed displacement of zero.

The strain in the model was produced by applyifiged displacement at the
areas where the load is transferred from the grigpethe specimen. This is
represented by the purple sections in Figure 2The amount of applied
displacement was taken from measurements madeebgishblacement sensor in the

MTS machine during tensile tests.
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Figure 2.11: The applied load on the model. The purple regi@mesent areas

given an applied displacement.

The analysis showed that the tensile stress istaonthroughout the region
covered by the strain gage. Figure 2.12 shows tR&YS model prediction of the
tensile stress in the dogbone. It also includes-scéle schematic of a strain gage

showing that it is contained inside the constamisstrange.

Figure 2.12:Front view and side view of the ANSYS model of instress in

the dogbone tensile specimen.
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As an additional check, the displacement in thediion of the load was
plotted. As expected, the displacement increase=aidly along the length of the

dogbone. This is shown in Figure 2.13.

|

|

Figure 2.13: Displacement in the direction of the load.

2.5 Results and Discussion
2.5.1 Results

The tensile testing provided direct measurement&@f;, N1, Ei10 and
N1 10) for a variety of compositions. The results frore {i00] samples are presented
in Table 2.3, and the [110] samples are in Table IA. addition, stress-strain plots for
all the samples tested in this study can be fonrppendix A. As mentioned earlier,
each sample was tested with at least two setsafhgjages. The deviation provided

in the tables is one standard deviation about tlkampof the data taken for each

composition.
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Table 2.3: Elastic properties for single crystal Fe-Ga tenspecimens

aligned along the [100] direction.

Ga content Ef100] Npo10]
(at %) (GPa)

11.9 80.0 +1.27 0.47 +0.021
14.6 63.2 + 3.39 0.40+0.0
17.5 60.5 + 0.707 0.42 + 0.0071
18.2 63.5+2.12 0.43 +0.021
19.1 56.5+2.12 0.47 £ 0.050
204 52.9 + 0.707 0.45+0.014
211 39.5+0.707 0.51 + 0.035
254 244+ 1.70 0.49 + 0.057

Table 2.4: Elastic properties for single crystal Fe-Ga tenspecimens

aligned along the [110] direction.

Ga content Ej110] N[ 10]
(at %) (GPa)
12.0 167 £ 5.00 -0.27 £ 0.080
15.8 156 £ 7.51 -0.44 + 0.055
17.3 161 + 8.39 -0.51 + 0.095
17.9 158 + 6.66 -0.46 £ 0.104
19.1 164 + 6.25 -0.61+0.124
19.5 149+ 7.64 -0.55+ 0.076
204 132 + 8.08 -0.48 + 0.035
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21.1 112 + 7.37 -0.54 + 0.012

25.3 90.5+1.41 -0.66 = 0.035

From this study, it is possible to examine tremdghe elastic properties as a
function of composition. This will enable estimatiof the mechanical properties of
alloys not studied here. Each of the four measw@ledtic properties is plotted in
Figures 2.14 through 2.17. Again, the error bapge®gent one standard deviation
about the mean of the data taken for each compositihe values for single crystal
pure iron as measured by McLean [23] are includethe plots (blue circle marker)

for reference.
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Figure 2.14:Ep00) as a function of alloy composition.
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Figure 2.17:np1 10y as a function of alloy composition.

2.5.2 Discussion

Numerous measures were taken to ensure the acafrwy results, however,
some errors and variance in data was observedhdcdkche validity of the testing
procedure, a steel calibration sample was used.dithensions of the sample were
similar to the typical dimensions of the Galfenplesimens, and the sample was
tested using the exact same equipment and procedine measured Young’s
modulus was 217 GPa and the Poisson’s ratio wé&s Ut® published values for this
material are 207 GPa and 0.30 [24].

Errors in the measured strain will propagate i@ ¢alculated values of the
Young’'s modulus and Poisson’s ratio. Misalignmehthe strain gages can lead to
slight inaccuracies, since then the measured sstzonld be scaled by the cosine or

sine of the angle between the gage and the loadtin for the longitudinal and
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transverse strains, respectively. For examplengitodinal strain gage misaligned by
5° would underestimate the longitudinal strain byaetor of 1-cos(5°), or 3.8%.
Similarly, a transverse stain gage misaligned bywsfuld underestimate the
transverse strain by a factor of 1-sin(85°), 0f@.8

Finally, because of challenges in the manufactuohthe samples, not all of
them were the ideal size for the gripper systenpp#lg was occasionally observed
during runs, however these runs were terminate@ shpping started and were not
used in the analysis.

The error bars in the measurement of the negatoiBsseén’s ratio are
relatively large. This partly comes from the fabkatt the Young’s modulus in the
[110] direction is much larger than it is in théd( direction, meaning the maximum
measured strain in the [110] direction is smallant in the [100] direction. This is
illustrated in Figure 2.18 for a 21.1% Ga sampiac& the magnitude of the strain in
the [110] direction is so much smaller, the intiacnarrors in the strain measurement
will be a larger percent of the total strain. Tleng is generally true for the strain
transverse to the load direction; the transversensin the [110] direction is generally
smaller than for the [100] direction. Since thed3on’s ratio is a ratio of the two
strains, the larger percent error in the strainsueament results in a larger error for
the Poisson’s ratio. Errors intrinsic in the expent included uncertainty in the

strain indicator box (0..ng, uncertainty in the load cell (2.23 Ibs), and exment

noise (~10mag.
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Figure 2.18: Comparison of the longitudinal strain along th@Jjland [110]

directions for Fg Gap1 1.

2.5.3 Comparison with literature data

Other researchers have also examined the elastigegires of Galfenol.
Kellogg [25] and Yoo [26] used a tensile testinggadure very similar to the one
employed in this study. Clark et al. [2] used resdnultrasound spectroscopy (see
Chapter 3) to measure the elastic stiffness cotsstand then predict the engineering
elastic properties. To compare the results of #gtigly with the results of other
studies, and to present a full picture of the knoslastic properties, all known
engineering elastic properties are plotted in Fagu2.19 through 2.22. The values for

pure iron are again included.
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Figure 2.20:np10; as a function of composition, including the resuwait this

study and published data from other researchers.
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Figure 2.21:Ep10y as a function of composition, including the resialf this

study and published data from other researchers.
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Figure 2.22:np1 10y as a function of composition, including the reswif this

study and published data from other researchers.

40




In general, there is good agreement between theusgasets of data. fgg
appears to decrease as the gallium content in&agsg increases to just below 0.5
(the thermodynamic maximum [6]).;1m; also decreases as the gallium content
increases. The trend iy 1) is a little more difficult to identify, but in gemal it also
decreases.

One potential reason for the differences betweerséts of data is the lack of
either x or y error bars for the other sets of dAgseen in this study, the labeled
composition of a sample is not necessarily its alctomposition. As much as 0.8
atomic % Ga difference was measured (see SectR)nAhother source of variation
could be the phases present in each sample. Ghtliasa fairly complicated phase
diagram, especially in the region between aroundidd 20% Ga (see Figure 1.9)
[13]. The magnetostriction of Galfenol has beenwshto be dependent not only on
the alloy composition, but on the composition o thhases present [2], so it is

possible that the elastic constants would also ssmwe dependence.

2.6 Low-Load Elastic Properties

From the stress-strain plots, it is also possiblexdamine the elastic properties
under very low stresses. These were obtained blyzang the beginning of the
stress-strain plots, typically from 0 to 10 MPablés 2.5 and 2.6 present the low-
load elastic properties for each sample alongs$idebnventional elastic properties as
first presented in Tables 2.3 and 2.4. The scattdére low-load results arises from the

random orientation of the magnetic moments in thelbad region.
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Table 2.5: Low stress and conventional elastic propertiesiiogle crystal Fe-

Ga tensile specimens aligned along the [100] doect

Ef100 (GPa) Npo10]

at% Ga | Low stress | Conventionall Low stress | Conventional
11.9 +1.30 | 80.0 + 1.27 0.30 £0.027 | 0.47 +£0.021
14.6 31.6+3.40| 63.2+3.39 0.35+0.0 0.40+0.0
17.5 42.0+£0.98| 60.5+0.707 0.46 +0.016 0.42067T1
18.2 541+3.61| 635+212 0.38+£0.037 0.4302D.
19.1 36.4+273| 56.5+212 0.40+£0.084 0.4705b0.
204 44.1+1.18| 52.9+0.707 0.33+0.021 0.45149
211 30.6 +1.10| 39.5+0.707 0.51+0.071 0.5108®
254 158+220| 244+1.70 0.20+£0.046 0.4906D.

Table 2.6: Low stress and conventional elastic propertiesiiogle crystal Fe-

Ga tensile specimens aligned along the [110] doect

Ej110) (GPa) N1 10]
at% Ga | Low stress | Conventional Low stress | Conventional
12.0 104 +6.24 167 £5.00 |-0.16 £0.093| -0.27 + 0.08(
15.8 98.0+9.45| 156+ 7.51 -0.18 + 0.045 -0.440b9
17.3 105+ 11.0 161 + 8.39 -0.43+0.160 -0.51089.
17.9 130+ 10.9 | 158 + 6.66 -0.30 £ 0.135 -0.46194.
19.1 167 +12.7 164 + 6.25 -0.73+0.300 -0.61124.
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19.5 121 +12.4 | 149+ 7.64 -0.58 £ 0.1p9 -0.55076.
20.4 116 + 14.3 132 + 8.08 -0.62 £ 0.0p1 -0.48089.
21.1 114 + 14.9 112 + 7.37 -0.73+£0.081 -0.5404D.
25.3 85.5+2.66| 90.5%1.41 -0.48 £ 0.0p1 -0.@6085

2.7 Conclusions

In summary, the tensile testing provided a langwant of new information,

which will potentially be beneficial to future resehers.

1.) The engineering elastic properties of Galfeweke measured for a range of

compositions, many of which were previously unstddi

2.) Highly auxetic behavior was observed throughbatrange of tests.

3.) A method for measuring the elastic propertie&alfenol (or other materials only

available in small sizes) was developed.
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Chapter 3: Resonant Ultrasound Spectroscopy

Resonant ultrasound spectroscopy (RUS) was comdlucteexamine the
elastic properties of Galfenol. The samples usetkviee-Ga samples that directly
correlated to samples from the tensile testing ewmts. Sections 3.1 and 3.2
provide background information about the RUS anslySection 3.3 discusses the
samples used and Section 3.4 discusses the expéaineguipment and procedure.

Section 3.5 provides the results and concludes avdiscussion section.

3.1 Introduction to RUS

RUS is a technique that is very useful for meagutire elastic constants of
samples that are only available in small sizesclwing typically the case for single
crystals. Two piezoelectric transducers excite measure the resonance frequencies
of a sample, which are used to calculate the inugg@ elastic stiffness constants of
a material. The output signal shows voltage peaksaeh resonance frequency. An
algorithm uses the location of the resonance freges, as well as the dimensions
and mass of the sample, to calculate the elastistants. This is a nondestructive

technique and is easily repeatable.
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3.2 Theory of RUS
RUS makes use of the relationship between a sasnmebnance frequency
and its elastic properties. To illustrate this aptc the simplified case of a long, thin

rod undergoing a longitudinal vibration is examif2d].

r, E

Figure 3.1: Long, thin rod undergoing a longitudinal vibratjavith areaA,

lengthL, densityr, and Young’s modului.

The strain can be predicted at the left and ridlgies of the highlighted area:

du(x,t)
= 3.1
_du(x+Dx,t)
right — dx (32)

whereu is the displacement along tkexis.
By summing the strain-induced forces, the totacdéoexperienced by the

shaded area can be calculated:

- AE du(x+Dx,t) du(x,t)

P= 3.3
dx dx (3:3)
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The term inside the parenthesis can be simplifi@dguthe definition of the
derivative:

du(x+Dx,t) du(x,t)
) ]
d u(>2<,t) __ dx dx (3.4)
dx Dx

Thus, Equation 3.3 can be rewritten as:

d?u(xt)

P = AEDx—,
dx

(3.5)

To determine the motion of the shaded area, New®Sfiaw is applied:

d’u(x,t) _ erAdzu(x,t) (3.6)

AEDx
dx? dt?

Simplifying reduces Equation 3.6 to:

d?u Edzu

dt®> r dx?

(3.7)

This is the wave equation in one dimension, whgi€/r is known to be the

propagation speed of a wave in that material. Thatisa to the wave equation has

the general form of:

u(x,t) =u e (3.8)

wherek is the wave number andtis the resonance frequency. Their ratio can be

expressed as:
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(3.9)

showing the relationship between elastic propertigsrasonance.

Unfortunately, when examining a three-dimensionai®a the analysis is not
as straightforward. The RUS algorithm uses similarcepts as in the 1D case to
generate a matrix of equations that describe teeggnstate of the material. These
equations are a function of the elastic constantsthe resonance frequencies. The
user inputs the sample dimensions and mass, @ liseasured resonance frequencies
(around 30 frequencies for the samples tested lagick)nitial guesses for the elastic
constants. The algorithm then predicts the fregiesnoased on the guesses, and then
uses those values to calculate the energy. Itghgintly modifies the elastic constants
and recalculates the frequencies and the enerdg. stais helps to mitigate the
effects of human error in determining the resonadnequencies and the effects of
imperfections in the shape and orientation of tam@e. The program continues
modifying the parameters until the overall energyminimized. From this, the
program can determine the elastic constants, tloeracy of each constant, the

accuracy of each frequency and the overall accushthye collection of results.

3.3 RUS Samples

One of the primary goals of the RUS testing was teatly compare results
obtained from tensile testing with results obtaifredh ultrasonic testing. To achieve

this, several RUS samples were created from thedlreaisting tensile samples.
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This section details the process and challengesra#dting the Fe-Ga samples for

RUS.

3.3.1 Creation of the Fe-Ga samples

Samples to be analyzed using RUS need to be cutvelladefined shape for
the analysis to be possible. For this study, palegipeds with the edges aligned
along the [100], [010] and [001] directions wereesédd. The RUS samples were
therefore obtained by cutting a small parallelegipat from the top of each of the
[100] dogbones. This enables a direct comparisawesn the two testing methods
employed here. Figure 3.2 shows a schematic of wierdRUS samples were cut

from the dogbones. Each sample was approximatelgnin 2.0 mm x 2.7 mm.

RUS
sample

Figure 3.2: Schematic of the RUS sample location within the tersample.
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Figure 3.3: Photo of a dogbone with RUS sample.

3.3.2 Orientation analysis of the Fe-Ga samples

Having properly aligned samples is crucial for RUSite. The orientation of
the RUS samples was measured by Ames Laboratory Xsiag diffraction (XRD).
Each sample used in this study was required to ieated with the faces parallel to
the (100) planes within 2 degrees. Figure 3.4 shbesdsults of XRD for a sample
with good orientation. Figure 3.5 shows the resuftXRD for a sample with 3.2
degrees of misalignment. Figure 3.6 is a schemepicesenting the actual orientation

of the sample in Figure 3.5.
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Figure 3.4: XRD for a sample with good orientation.

Figure 3.5: XRD for a sample with unacceptable orientation. dtlines are

the ideal orientations, the blue lines are theaaitientation.
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[100]

Desired
[100]
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Figure 3.6: Schematic of the orientation of the sample thatipced Figure 3.5.

3.3.3 Polishing and reshaping of Fe-Ga samples

Since the RUS samples were not grown specificallyut® in RUS, the cut
samples required some modifications. The analyg@ithm assumes the sample is a
perfect parallelepiped with right angles, thereftire closer the sample shape is to
perfect, the lower the error in the final results.achieve this, the samples were filed
and polished slightly. As a result of machining, soof the samples had a slight kink
at one corner which needed to be removed. In addisome of the samples had

scratched surfaces. Figure 3.7 shows one of thelearngfore and after finishing.
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O

Figure 3.7: RUS sample as cut (left), and after filing and galg (right).

3.4 RUS Testing Method

3.4.1 RUS equipment and procedure

The RUS apparatus used in this study consisted ofctigalar piezoelectric
transducers placed on opposite faces of a panalbeld sample. The transducers had
a diameter of approximately 2mm and a thicknesspggroximately 0.5mm. One
transducer acted as the actuator and the othéreasenhsor, however the transducers
themselves were identical and both could be usesithsr an actuator or a sensor.
The actuator excited the sample at a range of émgjas, and the sensor measured
the response of the sample to each frequency. 8§mnse would peak sharply when
the sample was excited at a resonance frequencymifomize error, it is
recommended to measure at least the first 24 rasenf@equencies [27]. Therefore,
in this study waves with frequencies ranging fronD 281z to 1400 kHz were

transmitted to the samples, corresponding to apmately the first 30 resonances.
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In general, it is ideal to have the smallest candaea between the transducers
and the sample to allow free vibration of the sampidially it was attempted to
mount the samples standing on their edges or halamn one corner, however, this
resulted in significant scratching on the surfatthe transducers which dramatically
decreased the signal to noise ratio. Therefore,stmples were mounted on their
smallest faces. Figure 3.8 shows a schematic ofdifferent types of sample
mounting, and Figure 3.9 shows a close-up photo sdraple mounted in the RUS
apparatus. The top transducer was attached tdrthese of the RUS apparatus such
that it could be raised or lowered until it was jtmiching the sample. This meant

that the sample did not support any of the weiglhe top transducer and holder.

a.) b.) c.)
Holder

Sample

Piezoelectric
transducer

Figure 3.8: a.) Corner mount, b.) edge mount and c.) smaléest mount of
the sample in the RUS apparatus. The blue piedeeisample,
the yellow pieces are the piezoelectric transducars] the
orange pieces represent the mechanical structatehtiids the

transducers in place (not to scale).
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10mm

/ sample

—_— transducer

Figure 3.9: Sample mounted in tRUS apparatus.

The RUS apparatus was placed in an electromagnetitdeemeasurement of
the resonance frequencies under a range of magdredtls. The elastic behavior of
Galfenol is known to be related to the orientatiorth&f internal magnetic moments,
which are typically randomly oriented under no fieldd no stress. A high magnetic
field or a high, extensional tensile stress willclothe magnetic moments to line up
with the direction of the field or load [10]. Duringnsile testing this is observed as
the difference in modulus between very low and higesses (the delta-E effect). For
RUS testing, the locations of the resonance fregasnwill shift until a saturating

field is reached. To track the changes in elastp@rties as a function of magnetic
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field, the field was increased from 0 to 10 kOe, ¢l in 2 kOe steps. To compare
RUS results with tensile results, the measuremeatsatare taken with the saturating
field of 10kOe were used.

10 kOe is a higher saturation field than is typicalbserved for Galfenol
samples. This is due to the parallelepiped shapbeofRUS samples, which has a
high demagnetization factor. An algorithm has beewvetbped by Restorff based on
research by Joseph and Schlomann [28] to predéctdémagnetization factor using
the sample geometry. From this, the demagnetizédictor is predicted to be 0.5452.

The demagnetization factor can also be calculatadguseveral measured
parameters [10]:

Hext - Heff
N, =t (3.10)

sat

Here, Hy: is the external field which was measured to be @@,k is the
effective magnetic field and Mis the saturation magnetization. Using typical ealu
for Galfenol of H¢ = 100 Oe and M= 1500 kA/m [10], the demagnetization factor
is calculated to be 0.5252. This agreement showsbised on the demagnetization
factor, a saturating field of around 10 kOe is ¢oelxpected for these samples.

Figure 3.10 shows some sample output figures frarRUS equipment. The
x-axis is frequency, and the y-axis is voltage. Alpm voltage occurs at each of the
resonance frequencies. Figure 3.10 shows how theubsignal changes with the
delta-E effect. Figure 3.10a shows a saturatingl fifl 10 kOe, 3.10b is 4 kOe and
3.10c is 0 kOe. As the field decreases, the peaksniedess defined and in some

cases become completely hidden.
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(@)

(b.)

(c)

Figure 3.10:\Voltage vs. frequency for an $eGa 75 sample at (a.) 10 kOe,

(b.) 4 kOe and (c.) 0 kOe.
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3.4.2 RUS output

The algorithm used to analyze the RUS data takeghen resonance
frequencies, sample dimensions and mass, and atdsuhe three independent elastic
constants for single crystal Fe-Gaj,ccip, and 4. These values can be used to
calculate other parameters of interest, such as ¥%(Gi-C12), and the anisotropy
parameter, A=g/c. It also provides information on the error in eathhe predicted
elastic constants.

The anisotropy parameter is of special intereshim study because of its link
to the auxetic behavior of a material. Jain and \ferfd] were able to show
theoretically that if the anisotropy parameter [owe 2 for a material, it may
demonstrate auxetic behavior, and if it is abovihe3 material will be auxetic. In
addition, preliminary examination of published dataggests a trend between
increasing anisotropy parameter and increasingketu behavior. Since RUS does
not provide a direct measurement of the Poiss@tis,rthe anisotropy parameter will

be examined in the results of this chapter as atwayedict any auxetic behavior.

3.5 Results and Discussion

Three Fe-Ga samples were obtained with compositiodd &f 20.4 and 21.1
atomic % Ga. Each sample was mounted and analyreel skeparate times since the
positioning of the sample can affect how clearlyheegsonance frequency is seen.
The results of the analysis are presented for eastposition under a saturating field.

In addition, the elastic properties as a functibthe applied field are provided.
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3.5.1 Results

The algorithm used to analyze the RUS data calailéte three independent
elastic stiffness constants for single crystal Fe-€ga ¢, and G4 These values can
be used to calculate other parameters of intesash as the shear modulktisand the
anisotropy parametef,. Table 3.1 shows the average values of the elestistants at
a saturating field of 10 kOe. The comparison betwbese results and the results of

the tensile testing is provided in Chapter 4.

Table 3.1:Elastic constants of Fe-Ga samples in a 10kOe siatyifeeld.

at % Ga Ci1 Ci2 Cc Ca4 A
(GPa) (GPa) (GPa) (GPa)
17.5 192.4 143.6 24.5 121 50
20.4 182.3 144.8 18.7 120 6.4
21.1 150.5 118.9 15.8 123 7.8

In general, although there is no apparent trentthénvalues of &, ¢ clearly
decreases as the gallium content increases. Alsaaritsotropy parameter increases
with composition. It is believed that these two tterplay a significant role in
determining the extent of auxetic behavior exhibidg a material [16].

For each test, the RUS algorithm calculates ther énr@;;, ¢, and G4 In
general, taking into account that each sample wstedethree times, the typical
deviation in g; was 2%, ¢ was 2%, and g was under 1% [29]. Error propagation
can be used to predict that the error inand A is around 1%. The algorithm

calculates cand then uses that to fing, @nd G, which is why the error in ¢s lower
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than in g; and g,. The algorithm also calculates an overall RMS retinat takes into
account the agreement of each set of measureditted fesonance frequencies. It
was typically 0.3% for these samples. Table 3.2give relative errors for each of

the parameters and each of the samples.

Table 3.2: Relative error for each of the values in Table 3.1

at% Ga Overall Ci1 Ci2 c Caa A
RMS error
17.5 0.2561% 1.16% 1.58% 0.72% 0.13% 0.73%
20.4 0.3729% 2.15% 2.73% 1.43% 0.20% 1.44%
211 0.3499% 1.90% 2.41% 1.36% 0.20% 1.38%

In addition to examining the elastic constants, ié&onance frequencies of
each sample were also measured. This can be dbusaterial scientists seeking a
more fundamental-level understanding of the mdtesiace specific frequencies can
correspond to specific phenomena. The measurechasse frequencies and the
relevant supporting information for all of the Fe-&amnples is presented in detail in

Appendix B.

3.5.2 Relationship of elastic constants and applidield

The values of the elastic constants are dependetihie arrangement of the
magnetic moments inside the sample. Therefore, éineydependent on the strength
of the applied field. To determine the amount chrae in each constant, the RUS

analysis was carried out at various magnetic figlgscally starting from 10 kOe and
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decreasing to 0 kOe in steps of 2 kOe. In genekaland g, showed a larger
dependence on field than, €4 or A. The results for the three Fe-Ga samples are
presented in Figures 3.11-3.15. Unfortunately, ak@e not enough resonance

frequencies were measurable in the 20.4% samplbesdata is only presented from

2 to0 10 kOe.
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Figure 3.11: Dependence of;gon applied magnetic field.
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Figure 3.12: Dependence ofigon applied magnetic field.
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Figure 3.15: Dependence of A on applied magnetic field.

3.5.3 Error analysis

The accuracy of the RUS measurements depends qualiey of the sample.
It is important that all the angles of the parafeped be as close to 90 degrees as
possible. It is also important that the sample side aligned along the [100], [010]
and [001] directions. The algorithm assumes that sample is perfect in those
respects, so therefore any deviation from that seluce the accuracy of the results
[27]. Since the samples in this study were cut ftbmtensile samples and were not
specifically made for this application, some vao@atwas inevitable. However, care
was taken to give the samples right angles andristatiographic orientations were
measured to be under 2 degrees off from the prdipections. The measured errors

were small enough to be considered acceptable ifstindy.
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3.6 Conclusions

RUS is a very useful technique for examining trestt behavior of single
crystal Galfenol. It was used here to accurately smes the individual elastic
constants, and to track their dependence on fiett aloy composition. It showed
that c andA are closely related to the composition. This tépie provided a more

thorough understanding of the elastic properties.
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Chapter 4: Comparison of Tensile Testing, Resonant
Ultrasound Spectroscopy and Theoretical

Predictions

In this chapter, the results of the tensile tgstane compared with the results
of the RUS testing and with model predictions. The axperimental investigations
directly measured different sets of elastic prapsrtthe tensile testing provided the
engineering elastic constants (Young’'s moduli andgsd2m’s ratios) and the RUS
testing measured the individual elastic stiffnesmstants (g, ¢ and Gy).
Fortunately, these two sets of information are diyeelated. This chapter therefore
starts with the derivation of the relationships lestw the two sets of elastic constants.
It then provides the direct comparison between W dets of results, and discusses
the comparison including the effects of errors amdr propagation. The final section
is a comparison of the results that were experinigntdbtained through tensile

testing and RUS with the results of a theoretical @hod

4.1 Relationship Between the Elastic Parameters

As discussed in Chapter 1, Hooke's Law can be usedesxribe the
relationship between stress and strain in a cubtenad where the stress is related to

the strain via the stiffness matrix [14]:
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Su Ch G, ¢, 0 0 0 &
S C, ¢ ¢, 0 0 0 e,
S _ G2 G Oy 0 0 0 e (4.1)
Ly 0 0 0 ¢, 0 0 gy
t, 0 0 0 0 ¢, 0 g,

t, 0 0 0 0 0 c, g

This relationship can be inverted to write the striai terms of the stress via

the compliance matrix:

&, Sy S, S 0 0 0 s,
ey SlZ S11 S12 O O O Sy
& _S, S, S, 0 0 0 s, w2
g. 0 0 0 S, 0 0 £,
9, 0 0 0 0 S, 0 ¢,
Gy o 0 0 O 0 S, Iy

In this section, x-y-z subscripts will be used oa #train and stress terms to
avoid confusion with the numerical subscripts on twmnpliance and stiffness
constants and the Miller index subscripts.

The compliance matrix is the inverse of the stéfmenatrix, and its individual

terms can be written out in terms of the individelalstic stiffnesses:

— Cy+Cp 4.3
Sll (Cll - C12)(Cll + 2C12) ( )
= " Gz 4.4
Slz (C11 - ClZ)(Cll + 2012) ( )
Spu = (4.5)
Cas
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Since the main goal of this chapter is to complaeerésults of the RUS tests to
the results of the tensile tests, this section Widus on defining the engineering
elastic properties in terms of the individual dlasstiffnesses. This enables
calculation of the Young’s moduli and Poisson’sasitirom the direct measurements

of the RUS analysis.

4.1.1 Derivation of Young’s modulus
The Young’s modulus in an arbitrary direction [hkBn be calculated using
the following equation [15]:

1
E[hkl]

:811'2811'812_2844 (a2b2+a2g2+b2g2) (4'6)

wherea,b,g are the direction cosines of the [hkl] directiorthwiespect to [100], [010]
and [001]. For the Young’'s modulus in the [100] diren, a is 1 andb andg are 0,
and for the Young’'s modulus in the [110] directianandb arecog45°) andgis O,

as shown in Figure 4.1.

66



[100] [110]

Figure 4.1: Relevant axes and angles for the derivation@hnd Eiig).

After evaluating Equation 4.6, this gives:

E. = 4.7
1o C,tCp @)
4c,,R
E =44 .
mo = Rioc, (4.8)
1
where R = C_(Cll - C,)(cy +2¢),) (4.9)

11

4.1.2 Derivation of Poisson’s ratio

The Poisson’s ratio equations can also be writteterms of the individual
elastic stiffness constants. For the derivationngfg, the [100] direction (the
direction of the applied load) is defined as thexis and [010] is defined as the y axis

as illustrated in Figure 4.2.
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X
[100]

Figure 4.2: Axis definition for the derivation af[010]. The x axis is the

[100] direction, and the y axis is the [010] dirent

To calculatenypig), start from the three dimensional strain-strekgioaship as

defined in Equation 4.2. In this case, all stresghsr thars, are defined to be zero.

This represents the load that is applied along18@] direction during tensile testing.

Poisson’s ratio for this example is defined as:

- €
_ y

n.-=—2

o g

X

Both g andg, can be written out using Equation 4.2 and thentgubed into

Equation 4.10:

- Slzsx

1 =
[010 S.s
1~ x
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Using Equations 4.3 and 440 can be rewritten in terms of;cand 6»:

C12
Cll + C12

Morg = (4.12)

It is interesting to note that botl & andnpig are independent of.c
Calculatingn1 1) involves a similar process, however now the cootdina

system is rotated 45° about the z axis. This isvshia Figure 4.3.

N

X X’
[100] [110]

Figure 4.3: Axis definition for the derivation af[1" 10]. The x axis is the

[110] direction, and the yaxis is the <110> direction.

To transform a stres$ applied along the xaxis into x-y-z coordinates, a

transformation matrixa is applied [30]:
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s=a's'a (4.13)

cos45® sinds® 0

a= -sin4d5> cos45° 0 (4.14)
0 0 0
P 0O
s=0 00 (4.15)
0 00O

Solving Equation 4.13 gives the nesamatrix in x-y-z coordinates:

e ¥po

s = %P %P 0 (4.16)
0O 0 0

Taking thes matrix and plugging it into Equation 4.2 generdtesvector of strains:

e, 6  SuS,+S,S,

e &  S,5,+SsS,

e e 0

gyzz = 2ezyz = 0 (4.17)
9. 28, 0

9y 28, Sl

Using Equation 4.16, the strain vector can be amith terms of the applied stré3s
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&, 05P(S; +S;,)

y 05P(S; *+S,)

% 0 (4.18)
e, 0

e,, 0

e 025P(S,,)

Xy

In order to calculaten; 1g, the strain vector must be transformed into thg -z
coordinate system.

- €,
n _y (4.19)

The transformation is accomplished through thkvvahg equation:

e=aea’ (4.20)

wherea is the same as in Equation 4.14.

From solving 4.20n1°19) can be written in terms of the elastic compliance

_- €, _-05P*S,- 05P*S,+025P*S,, - S,- S,+055,

05P*S, + 05P* S, + 025P*S,, S, +S, + 05S,,

X'

(4.21)

Using Equations 4.3 through 41,1 can finally be written in terms of the elastic

stiffnesses:

2c
C11"'012 1- C12 - 2C44
11
(4.22)

[110] =

2C,,
C1 TGy 1- + 2C44
1
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The equations for kg, E110), No10j @andni 107 Will all be used in Section 4.2

to gain further information from the results of tfR&JS testing.

4.1.3 Elastic stiffnesses in terms of the enginerg elastic properties
From the results of the previous two subsectid@nis, also possible to write

the elastic stiffnesses in terms of the Young'’s ulioahd Poisson’s ratios.

(1 - /7[0101 ) E[100]

C. = (4.23)
. (1+’7[010])(1' 2’7[010])
Mo E
C, = (019 1109 (4.24)
(l+n[01q)(1' 2’7[010])
R
C, = Fma (4.25)
2(2R- Eyyyq)
Rn. -R
_ [110]
Cpy=————— 4.26
w5 o (4.26)

[110]

In this study, these relations will be used to prethe anisotropy parameter of
the samples studied using tensile testing. It ter@sting to note thats£ can be

calculated using eitherpfzg or nj1- 10, Meaning it is not necessary to know both.

4.2 Comparison of Tensile Testing and RUS

4.2.1 Results
The elastic properties of three Galfenol sampleseweeasured using two
independent tests; tensile testing and resonamatsolind spectroscopy. To investigate

the two methods further, the results are compaeeel. ISince one of the main goals of
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this thesis is to aid the engineering of new appilons, the focus of this section is
calculating the engineering elastic properties ftomresults of the RUS testing. The
results are provided in Table 4.1. The conventiarad low-load values from the
tensile testing are both included in Table 4.1. &hrer values represent one standard

deviation.

Table 4.1: The engineering elastic properties as predictech fRUS testing

and as measured from tensile testing.

at % Ga | property RUS Tensile Low-load
(calculated) (measured) tensile
(measured)
E100] 69.9+6 GPa | 60.5+0.7GP 42.0 + 1 GPa
Njo10] 0.43+£0.01 0.42 +0.01 0.46 + 0.02
17.5
Ef110; 162 + 8 GPa 161 + 8 GPa 105 £ 11 GPa
N1 10] -0.33+0.03 -0.51+0.10 -0.43+£0.16
Ef100] 54.0+ 11 GPa| 52.9+0.7GP 441 + 1 GPa
N[o10] 0.44 £ 0.01 0.45+0.01 0.33+0.02
20.4
Ef10] 138+ 18 GPa | 132+ 8 GPa 116 + 14 GPp
N[1°10] -0.43 £ 0.07 -0.48 £ 0.04 -0.62 + 0.09
Ef100] 455+8GPa | 39.5+0.7GP 30.6 £ 1 GPa
No10] 0.44 £ 0.01 0.51 + 0.04 0.51 £ 0.07
21.1
Ef110] 122 + 14 GPa | 112+ 7 GPa 114 + 15 GPa
N1 10] -0.50 + -0.06 -0.54 + 0.01 -0.73 £ 0.03
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The significant disagreement between the resultthefRUS tests and the
low-load tensile test analysis validate the asstonpthat a high magnetic field
affects the elastic properties in the same mansex high extensional tensile load.
Consequently, the low-load results will be disrelgar for the remainder of this
chapter.

The results of RUS and the conventional tensilé aeslysis are plotted in
Figures 4.4 through 4.7. There are calculated éraos for every data point, however,

on some of the plots the size of the error barsmaller than the size of the actual

data point.
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180 & Tensile
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Figure 4.4: Ep00) as predicted by RUS and measured through teesitag.
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Figure 4.5: np10; as predicted by RUS and measured through teesitag.
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Figure 4.6: Ej110) as predicted by RUS and measured through teesiimg.
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Figure 4.7:np1 1) as predicted by RUS and measured through teesilag.

Overall there is very good agreement between tloesits of tests, with only
two values that do not match within the error b&gen the points with relatively
small error bars generally show agreement. Theseltse help to validate the

effectiveness of both testing methods.

4.2.2 Error propagation

Due to the complicated relationship between the $ets of properties, any
errors in the measured quantities can have a \agge leffect on the property being
calculated. It is therefore important to know thees in each measured quantity and
to calculate how the errors will propagate. The Ralgorithm gives an estimated
error for g1, ¢12, and G4, and in general, the error in,avas 2%, ¢ was 2%, andg

was 0.2% (see Table 3.2 for more details). Thermaging elastic properties were
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therefore calculated by taking into account theremtinge of possible values fon,c
c12 and G4 This was used to determine the error in the RiéSiptions of the elastic
properties. As seen in Figures 4.4 through 4.7%dlesror sizes were reasonable, and
were generally of the same magnitude as the ermorghe tensile testing
measurements.

Error propagation becomes more significant whercutating the elastic
stiffness constants from the engineering elastop@rties. For example, a deviation
of 5% in the value ofijg10) Can propagate into a deviation of 41% for the eaitig!
Fortunately, the error propagation is only proliMeitwhen calculating,e and Gz, ¢
and G4 can be calculated with reasonable accuracy. Bhisilized for calculating the

anisotropy parameter in Section 4.2.4.

4.2.3 Additional error analysis

It should be noted that the tensile tests can bemasd to be isothermal, while
RUS measurements can be assumed to be adiabatiorréction factor allows a
conversion for the Young’s modulus measured fromisothermal test to that
measured from an adiabatic test [31]:

E
E _ = isothermal 4 27
adiabatic E Ta 2 ( )

1- isothermal

GC

where theE’s are the Young’s modulil is the temperatureg is the coefficient of
volume thermal expansiom, is the density, an, is the heat capacity at constant

pressure. Using values from the tensile study lier 17.5% Ga sampl&sothermal=
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60.5 GPa,T = 298K, andr = 7840 kg/m, and the published values af= 11.4
ppm/°C for Fg,Gai7 s at room temperature [32] ai@) = 4.730 x 10J/kg-K [33],
the calculated value Bagiabaic = 60.50004 GPa. This is a change of 6x3 which
is taken as negligible for this study. Since thatlmpacity of Galfenol is unknown,
the value for pure iron was used here. This appmakbn is justified because this
heat capacity value would need to decrease by 98fdréd translating into a 0.1%

change in Young’s modulus.

4.2.4 Anisotropy

The anisotropy parameteA =c,,/c', is also of interest in this study, because

it can be used to predict whether or not a mateviilhave a negative Poisson’s
ratio. If a material has a value #éf that is less than 2 it will not exhibit auxetic
behavior, and a material withgreater than 3 will exhibit auxetic behavior. M&iks

with a value ofA in between 2 and 3 could have a positive or negdbisson’s ratio,
depending on the ratio ofto ¢; [5]. Since its value is of interest and becausait

be predicted with more precision than the individelastic constants, it is presented
here. Table 4.2 shows the calculated values,af,candA from tensile testing and
the measured values from RUS. Since there areéwarate equations for calculating
cs4 (Equations 4.25 and 4.26), thg, walues presented here are the average of the

values calculated using both equations.
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Table 4.2: Comparison of anisotropy parameter of Fe-Ga aerohéed by

RUS and tensile testing.

c (GPa) C44(GPa)

at.% Ga RUS Tensile RUS Tensile RUS Tensile
17.5 24.5 21.3 121.3 160.7 4.95 7.54
204 18.7 18.4 120.0 122.0 6.41 6.64
211 15.8 13.1 123.1 113.3 7.81 8.66

There is again good agreement between the RUSadaltdhe tensile testing
data. In general though, is lower and the anisotropy parameter is highemafbthe
tensile testing data. In addition, thg, walue for the 17.5% sample is much larger
than expected [3], suggesting some portion of émsite testing data for the 17.5%

sample may not be as accurate as it is for the stmaples.

4.3 Comparison of Experimental Results with Theoretal Prediction

In addition to comparing the two sets of experitakdata with each other,
both sets can be compared to a theoretical modhe.theoretical model used here
was created by Zhang and Wu [16], and it is desdrib Section 1.6. Zhang and Wu
modeled FeoxGa (x =0, 6.25, 12.5, 18.75 and 25) alloys at the atdewel. Using
their model, they were able to predict the elastiifness constants. These were then
used to predict the Young’s moduli and Poissorti®sa

The results of the tensile tests on the 12.094,%8nd 25.4% were used as a

direct comparison with the results of the modelsiimmary of the comparison is
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presented in Tables 4.3 and 4.4. The error barshiitensile testing represent one
standard deviation. There are no error bars avaifab the predicted data. In general,

there is good agreement between the two approaches.

Table 4.3: Comparison of the tensile testing data and ther#ieally

predicted results, [100] direction.

Ef100(GPa) Np10]
at% Ga EXxp. Calc. Exp. Calc.
11.9 80.0+1.3 0.47 +£0.02
12.5 91.4 0.41
18.2 63.5+21 0.43 +0.02
18.75 64.7 0.44
254 244 +1.7 0.49 +0.06
25.0 22.2 0.48

Table 4.4:Comparison of the tensile testing data and ther#teally

predicted results, [110] direction.

Efu10 (GPa) N1~ 10]
at% Ga Exp. Calc. Exp. Calc.
12.0 1675 -0.27 + 0.08
12.5 185 -0.202
17.9 158 + 7 -0.46 + 0.10
18.75 159 -0.379
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25.3 90.5+14 -0.66 = 0.04

25.0 73 -0.711

To further examine the findings of the model, alhigable results from the
model, tensile testing and RUS can be plotted hmgeftor each engineering elastic
property. These results are shown in Figures 4d@utih 4.11. The tensile testing data
was taken from Chapter 2, the RUS data from Secti@nand the theoretical data

from the published results [16]. A trend line haei added for the theoretical data.

180
160 \ —e— model | |
B tensile
140 |
A RUS
_ 120
g
@ 100
g 80 - =
“ 0 | T
40 -
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O T T T T T
0 5 10 15 20 25 30
at % Ga

Figure 4.8: Ej1009p as measured through tensile testing, as calculasaty

RUS, and as predicted through the model.
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Figure 4.9:np10) as measured through tensile testing, as calculesied

RUS, and as predicted through the model.
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Figure 4.10: E119) as measured through tensile testing, as calculaset

RUS, and as predicted through the model.
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Figure 4.11: nj1 10 as measured through tensile testing, as calculadety

RUS, and as predicted through the model.

4.4 Conclusions

Through this chapter, the relationship betweentielasiffness constants and
engineering elastic properties was developed. Dineparison of the results from the
tensile testing and the RUS experiments generafiyed good agreement, validating
both approaches. In addition, this comparison ethbl more thorough examination
of the elastic behavior of each of the three contipos studied here. The comparison
between the two sets of experimental data andhberetical model also generally

showed good agreement and added insight into #stiebehavior.
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Chapter 5: Fe-Ga + Ternary Additions

RUS testing was also performed on samples congistiriron and gallium
with small amounts of a third element. Researclenge shown that additions of
small elements such as carbon, nitrogen and baorinsprove the magnetostriction
[34,35]. It was therefore of interest to see howsth interstitial additions would
change the elastic properties, and specificallyhdéfy would increase the anisotropy
parameter and the auxetic behavior. This chapteviges the measured elastic
stiffnesses from the RUS testing as well as thedipted engineering elastic
properties. It also discusses the effects of theaty additions on both sets of

properties.

5.1 RUS Analysis

This section provides the background informatiar this set of RUS
experiments. It describes the samples used, theriexgntal equipment and the

testing procedure.

5.1.1 Fe-Ga-X samples

These samples were all made by Ames Laboratoryfagadly for use in RUS
testing. Because of this, no further orientatioalgsis or refinishing was necessary.
However, these samples were older than the Fe-@@lea and had been used in
previous experiments, and as a result of this, sofitbe edges and corners on the

samples were slightly dulled. The effects of thil e discussed in Section 5.2.
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The set of Fe-Ga-X samples consisted of three swpth small amounts of
carbon, two with small amounts of boron and twdweginall amounts of nitrogen. All
the samples had between 15 and 20% gallium. Theg alé single crystal samples
that had been slow-cooled after being manufactubedwith the Fe-Ga samples,
these were rectangular parallelepipeds, howeverFth&a-X samples had a total
volume of around 15 mmslightly larger than the Fe-Ga samples. The iiddia!

dimensions varied from sample to sample.

5.1.2 Experiment procedure and equipment

The Fe-Ga-X samples were tested using the sampraguat and procedure as
the Fe-Ga samples. They were tested in an electroehdhat applied magnetic fields
ranging from O to 10 kOe, and at each field thstf80 resonance frequencies were
measured. 10 kOe was high enough to saturate thples The samples were all
tested three separate times, and were removed thienapparatus in between each
test. Using the measured frequencies, the sampierdions and the sample mass,

the RUS algorithm calculated;cci» and g4 at each field for each sample.

5.2 Results

The direct output of the RUS analysis was the eladiffness constants for
each of the Fe-Ga-X samples. These are presenteddaturating magnetic field in
Section 5.2.1. The next subsection describes thle filependence of the elastic

stiffnesses. The section concludes with a discassidhe results.
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5.2.1 Elastic stiffness constants

Table 5.1 shows the results from the RUS analydiese results were all

error for each measurement.

Table 5.1:Results of RUS testing on Fe-Ga + interstitialibolds.

taken under a saturating magnetic field of 10 kBach sample was tested three
times; the values in Table 5.1 are the averagekeothree tests. The typical error in
c1; and g, was around 2% and the error igs evas below 1%. As before, a

conservative estimate for the error ina0dA is 1%. Table 5.2 provides the relative

composition G1(GPa) | c12(GPa) | ¢ (GPa) | cs4(GPa) A
Fess72Ga2Coos | 198.5 143.7 27.4 122.3 4.5
Fes233Ga76Co07 | 174.4 130.0 22.2 121.3 5.5
Fes123Gais6Coa7 | 190.3 145.3 22.5 124.7 5.6
Fess.38 GassBoo2 | 198.4 140.2 29.1 124.1 4.3
Fes1.72Gais2Boos | 215.0 171.8 21.6 123.1 5.7
Fesa50Gais4Noor | 198.6 144.3 27.2 121.7 4.5
Fes0.40GagsNoor | 173.4 137.7 17.8 125.7 7.0

Table 5.2: Relative error for each of the values in Table 5.1

composition Overall C11 C12 c Cas A
RMS
error
Fess72Gas.2Coos | 0.3401%| 1.34% 1.89% 0.919 0.18% 0.92%
Fesz33Ga76Co07 | 0.3104%| 1.32% 1.80% 0.949 0.15% 0.95%
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F&123Gag6Co17 | 0.3638%| 1.85% 2.45% 1.219 0.19% 1.22%

F%5_33Gaj_4.680.02 0.3842%| 1.44% 2.07% 0.97¢9 0.21% 0.99%

Fes1.72Gag2Boos | 0.3494%| 2.17% 2.74% 1.409 0.20% 1.42%

Fesas9GaisaNoo1 | 0.3118% 1.68% 2.33% 0.749 0.21% 0.77%

F%o.4gGalg_5No.01 0.2826%| 1.42% 1.81% 1.019 0.15% 1.02%

The errors in the Fe-Ga-X samples are generalthiesame magnitude as the
Fe-Ga samples, however they were caused by diffemmnces. The Fe-Ga samples
had some variance in their orientations; whileFeeGa-X samples had imperfections
in their geometry (some had slightly rounded edgescorners). Because the
geometry errors caused the same magnitude of exsonss observed with the Fe-Ga
samples, the extent of the geometry imperfectioas gonsidered acceptable for this
study.

In addition to measuring the elastic stiffnessedSRanalysis also provided
the resonance frequencies. The first 30 resonaregudncies and the relevant

supporting information for each of the Fe-Ga-X ska@re provided in Appendix C.

5.2.2 Field dependence

As with the binary Fe-Ga samples, the elastic t@ons of the Fe-Ga-X
samples also show a dependence on the applied trafiekel. Figures 5.1 through
5.5 show the dependence of each elastic constatfiecield. Similarly to the Fe-Ga

samples, g and g, show the strongest dependence on the field.
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Figure 5.5: Dependence of A on applied magnetic field.

5.2.3 Discussion

By comparing these results to data for binary FeaBays, the effects of

interstitial additions on the elastic propertiesl auxetic behavior can be examined.

The available relevant data is presented in Talde 5

Table 5.3: Relevant elastic constants of binary Fe-Ga alldyse data for

Fep,Gaiys and FerdGag: are from Chapters 3 and 4,

respectively.
composition c (GPa) Ca4 (GPa) A
Fes1Gayg [3] 16.6 123.9 7.5
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The most direct comparison is between thg, ESa7.6Coo7and Fg,Gay7s
samples. This shows that adding carbon to a 17.%86s@mple increases the
anisotropy parameter. This does not appear to dedbke when comparing the other
relevant samples, where the anisotropy parameteredees. In Section 5.3, the
engineering elastic properties are calculated ftberesults of the Fe-Ga-X RUS
testing, and this analysis also suggests thatmeal, the interstitial additions do not
help increase the auxeticity.

Huang et al. [34] examined the effects of the aoldibf interstitial elements
on the magnetostriction of Galfenol. They foungimost beneficial in samples with
above 18% gallium, and they attribute this to thppsession of the formation of the
D0; phase by the added interstitials. In general, chenges in magnetostriction
trends in Galfenol are closely related to the preseof DQ [11,36]. The findings of
this RUS study suggest that the elastic propertiegiever, are not as closely related

to the phase at these compositions.

5.3 Fe-Ga-X Engineering Elastic Properties

The relations developed in Chapter 4 to convert dlestic stiffnesses to
engineering elastic properties can also be usefurther examine the Fe-Ga-X
samples. Using these relations enables a closenisaton of how the additions of
small interstitials affect the elastic propertiasd specifically how they affect the

auxetic behavior.
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5.3.1 Results

Using the data from Table 5.1 and the equatiorSeiction 4.1, the Fe-Ga-X
engineering elastic properties can be predicteéyTdre presented in Table 5.4. The
error bars were again calculated by consideringfulaange of possible values for

Ci11, Ci2 and Ga.

Table 5.4: Fe-Ga-X engineering elastic properties as prediftem the data

collected using RUS.

Ef100 (GPa) Npo10] Ef110) (GPa) Nz~ 10]
Fess70Gas2Coos | 77.8£9 0.42 £0.01 173+ 11 -0.30 £ 0.0p
Fes2.33Ga76Co07 | 63.4£8 0.43+£0.01 152 + 12 -0.38 £ 0.0p
Fes1.23GagsCorr | 64.3 £ 12 0.44 £ 0.02 155+ 17 -0.38 £ 0.07
Fess38GaseBoo2 [ 82.1+9 0.41+£0.01 179+ 10 -0.28 £ 0.04
Fe170Gag2Boos | 62.3 1+ 14 0.45 £ 0.02 152 £ 21 -0.38 £ 0.09
Fesas0GasaNoor | 77.1£9 0.42 £0.01 172 £ 11 -0.30 £ 0.0p
Fes0.40GagsNoor | 51.4+9 0.44 £0.01 134 £ 15 -0.47 £ 0.0p

In general, the error bars are larger for the ezgyimg elastic properties of the
Fe-Ga-X samples than they were for the Fe-Ga sanflkis may have arisen
because these samples were older than the Fe-Gdesaamd some of the edges and
corners had become dull from handling and use. &ivdrough, most of the error

bars are reasonable.
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5.3.2 Discussion
The engineering elastic properties of the Fe-GaaiXiples can be compared to
the engineering elastic properties of binary Fes&aples as measured using tensile

testing (see Chapter 2). A summary of the moswvagiedata is presented in Table

5.5.

Table 5.5: Engineering elastic properties of binary Fe-Ga @am as

measured using tensile testing.
Ef100 (GPa) Npo10] Ef110) (GPa) Nz~ 10]

Fess. Gaae 63.2+3 0.40+0.0 - -
Fess Gas s - - 156 + 8 -0.44 + 0.06
Fesz 6Gay7.4 60.5+0.7 0.42 +£0.01 161+ 8 -0.51 + 0.10
Fes1.Gas 1 63.5+2 0.43 +0.02 158 = 7 -0.46 + 0.10
Feso.dGag 1 56.5+2 0.47 £ 0.05 164 + 6 -0.61+0.12
FesosGawos - - 149+ 8 -0.55 + 0.08

From examining the data in Tables 5.4 and 5.5, apparent that interstitial
additions can have a significant effect on thetelasoperties. This data is shown in
Figures 5.6 through 5.9. There is again evidenatttte interstitial additions do not
improve the auxetic behavior. All of the direct quamisons available show that the
additions cause a positive increase in the valug;qb;. One interesting change
however, is that the kgsdGa19 No.o1 Sample has a lowelk than the Fg sGayg s

sample, while still demonstrating a significantBgative Poisson’s ratio. An
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application utilizing auxetic behavior would bendfom a low negative Poisson’s
ratio combined with a low Young’s modulus, suggestihat this material could

potentially be more useful than a binary Fe-Ga damp
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Figure 5.6: Ej100) for binary FeGa, FeGa+C, FeGa+B and FeGa+N.
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Figure 5.7:np10 for binary FeGa, FeGa+C, FeGa+B and FeGa+N.
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5.4 Conclusions

The RUS analysis of Fe-Ga samples with small ansoahtarbon, boron or
nitrogen shows that these additions have a stréfegteon the elastic behavior.
Although none of the additions appeared to directigrove the auxetic behavior, it
is still likely that one of these new alloys coub@ more useful for a specific
application than a binary Fe-Ga alloy, especiaihcs some have shown improved
magnetostriction [34]. Future research on the dgrakent of applications can

certainly benefit from this information about tHastic properties.
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Chapter 6: Conclusions and Future Work

This chapter summarizes the major results andribomtibns of the work
presented in this thesis. It concludes with suggestfor future research related to

understanding and utilizing the mechanical behavidte-Ga and Fe-Ga-X alloys.

6.1 Conclusions

The major contribution of this work was new infaton about the elastic
behavior of Fe-Ga alloys. Through multiple expena investigations, information
was gained about the elastic stiffness constartslraengineering elastic properties
for a variety of Fe-Ga based alloys. This informatispecifically helped further
investigate the auxetic behavior of Galfenol.

From the tensile testing study, a method for meaguhe engineering elastic
properties of small single crystal samples was ldgesl. Finite element analysis was
used to verify the process and the equipment uséasg study. In addition, a method
for measuring the composition of Galfenol samplas wnplemented.

The main result of the tensile testing study howevas a more complete
database of the Young's moduli and Poisson’s rat@snples ranging from 11.9%
Ga to 25.4% Ga underwent tensile testing. The t®silthis showed that in general,
the Young’'s modulus in both the [100] and [110}diions decreases linearly as the
Ga content increases. The Poisson’s ratio in t86,Q1L0) direction increased towards
0.5 as the Ga content increased.

The auxetic behavior was also examined. In gengralPoisson’s ratio in the

(110, T 10) direction became increasingly negative as the@tent increased, with
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a minimum measured value of -0.66. Substantial Bakehavior was observed for
all the [110] oriented samples tested. The leagatne value measured was for the
12.0% Ga sample, which had a valuengfo of -0.27. This is still much more
auxetic than nearly all other metal alloys; cerieam-aluminum alloys being the only
known exception [5,9].

The full set of results from the tensile testingswampared to additional,
published values of the engineering elastic progertThese were experimentally
obtained by multiple researchers [2,25,26]. Thisnparison allowed further
examination of the trends in the different propestiThese showed good agreement
with the trends observed in the tensile testing dédne.

Resonant ultrasound spectroscopy (RUS) was alst tesstudy the elastic
behavior. For these tests, a method was impleméeh&tenabled RUS analysis to be
effectively performed on samples cut from tensdsting dogbone samples. After
verifying the orientation and polishing and reftiisy the samples, these samples
were found to provide results with acceptably lovoemargins.

The RUS results showed that the shear moduldeaeases as the Ga content
increases, and the anisotropy parameter increasés @a content. Since the
anisotropy parameter is directly related to thempibf auxetic behavior, the results of
the tensile testing suggested that the anisotrapgrpeter should behave this way. In
addition, the RUS analysis showed that the indi@idelastic stiffness constants are
dependent on the strength of the magnetic fieldieghphowever ¢ and g, showed a

higher degree of dependence tharcg or A.
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In order to compare the two sets of elastic propgrta method was
implemented for calculating the engineering elagtmperties and their relative error
values from the measured values of the elastitne§ constants and their relative
error values. This method was used to comparelfistieproperties of three Galfenol
samples that were studied using tensile testing Rb&. The analysis generally
showed good agreement, with only two data pointsmmatching within their error
bars. The analysis also demonstrated that the eagng elastic properties could be
calculated from RUS results and that each of tHeutsed values would have
acceptably small error bars.

In addition to comparing the two sets of experimeniata with each other,
both sets were compared to a theoretical modellojeed by Zhang and Wu [16].
There were three compositions that were comparegtitii using results from the
model and results from the tensile testing. Theralérends of the theoretical and
experimental data sets were also examined. Gocegkagint was seen between the
theory and both sets of experimental results.

RUS analysis was also performed on Fe-Ga sampéhdd small additions
of a third element. Three samples with carbon veexayzed, two with nitrogen and
two with boron. This analysis showed that theseitaaig significantly affect the
elastic behavior. The elastic stiffnesses were oreds and the engineering elastic
properties were calculated. Both sets of inforrmatieere compared to data for binary
Fe-Ga alloys whose compositions most closely mat¢he compositions of the Fe-

Ga-X samples.
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It was observed that each of the additions inhibitlee auxetic behavior.
Although some of these additions have been showmpoove the magnetostriction
of binary Fe-Ga alloys [34], the mechanism respdasior that improvement does
not seem to be strongly related to the auxetic WiehaHowever, these alloys still

show promise for a variety of applications.

6.2 Future Work

Galfenol has the potential to be utlized sucadbsfin a variety of
applications. In order to optimize the succesthefe applications however, there is
still more information that is needed.

The first set of information that could be veryefud is hardness
measurements of various Galfenol and Galfenol-badlegs. It has been suggested
that auxetic materials will be highly resistant itopacts [8]. Since Galfenol is
generally harder than most other highly auxeticamals (i.e. foams and honeycomb
structures), it is likely that it would show exa@ait impact resistance. In addition, Fe-
Ga plus small amounts of carbon could also shownmiag results. Hardness testing
would help to investigate these possibilities.

Another type of mechanical testing that would keddicial is failure testing.
The Galfenol samples tested in the tensile testiage always loaded elastically in
order to preserve the sample for future testinge @omposition has been tested to
failure [25], however studying the plastic and dad behavior of additional
compositions would be essential for any applicatiosing Galfenol as a structural

component.
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It would also be interesting to measure the aagtifness constants under an
applied compressive load. This cannot be done WRI§ because RUS requires free
boundary conditions on the sample, however it cdutdaccomplished using an
ultrasonic continuous wave method developed by dba Wuttig [37]. This would
provide further information about how the elastioperties are related to the
orientation of the internal magnetic moments.

It has been shown that the magnetostriction andsg@hcomposition of
Galfenol are dependent on the heat treatment.emabion from around 18% to 21%
Ga, samples that have been quenched show higheretaagriction than samples that
have been slow cooled [2]. This has been attribtdgatevention of the formation of
the DG phase [11]. It would be interesting to see howt hezatment affects the
elastic properties in that composition region. Twiguld require two samples that
have identical compositions and that were creatau the same ingot, but one would
be slow cooled and one would be quenched.

Similarly to Fe-Ga alloys, Fe-Al alloys also derstrate both
magnetostriction (up to 150 ppm [11]) and auxegbdvior (minimum of -0.45 [9]),
however both are to a lesser degree than obserittdF&-Ga alloys. Their major
benefit though is that they are less expensive tharGa alloys. Consequently,
researchers have been studying Fe-Ga-Al alloyscasmpromise [1,38]. Most of the
research on these alloys however has been on tylagtthe magnetostriction, not
the elastic properties. It will be important to enstand the elastic behavior of Fe-Ga-

Al alloys before developing any applications.
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Ideally, the culmination of studying the mechahizahavior of Galfenol will
be a working device. Therefore, future researcebmild work towards developing
and building applications that utilize the auxdte@havior of Galfenol. A few possible
applications were suggested in Chapter 1, howeheset are certainly not the only

ways to take advantage of the unigue mechanica\ehof Galfenol.
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Appendix A: Stress-Strain Plots

This appendix contains stress-strain plots for eafcthe tensile specimens
examined in this study. Since each tensile specimvas tested multiple times,
multiple stress-strain plots were generated. Hekgelver, only one stress-strain plot
per sample is shown, representing the test that wlosely matched the median
elastic properties as reported in Chapter 2.

All the specimens were loaded elastically to aroiB@ MPa. The maximum
stress for each sample varies because of diffeseimncethe dimensions of the cross-
sections between the samples. In each plot, thek tilse represents the longitudinal
strain and the green line represents the transwera@. All of the [100] samples are
plotted on the same scale to allow for compariddre [110] samples are also all
plotted on a consistent scale. The plots for ] samples are presented first, then

the plots for the [110] samples.
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Figure A.1: Stress-strain plot for 11.9% [100] sample.

Figure A.2: Stress-strain plot for 14.6% [100] sample.
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Figure A.3: Stress-strain plot for 17.5% [100] sample.

Figure A.4: Stress-strain plot for 18.2% [100] sample.
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Figure A.5: Stress-strain plot for 19.1% [100] sample.

Figure A.6: Stress-strain plot for 20.4% [100] sample.
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Figure A.7: Stress-strain plot for 21.1% [100] sample.

Figure A.8: Stress-strain plot for 25.4% [100] sample.
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Figure A.9: Stress-strain plot for 12.0% [110] sample.

Figure A.10: Stress-strain plot for 15.8% [110] sample.
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Figure A.11: Stress-strain plot for 17.3% [110] sample.

Figure A.12: Stress-strain plot for 17.9% [110] sample.
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Figure A.13: Stress-strain plot for 19.1% [110] sample.

Figure A.14: Stress-strain plot for 19.5% [110] sample.
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Figure A.15: Stress-strain plot for 20.4% [110] sample.

Figure A.16: Stress-strain plot for 21.1% [110] sample.
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Figure A.17: Stress-strain plot for 25.4% [110] sample.

112



Appendix B: Resonance Frequencies of Fe-Ga

This appendix provides the measured resonance dnetgs for the Fe-Ga
samples studied using RUS in Chapter 3. This candatul for a more thorough
understanding of the fundamental properties of &wlf. For each sample, the first 30
resonance frequencies are given. The resonancaefregs of each sample were
measured multiple times, and the values provideg lwerrespond to the set of

frequencies that resulted in the lowest RMS emdahe RUS algorithm.

Table B.1: Dimensions and masses of the Fe-Ga RUS samples.

Sample Dimensions (mm) Mass (g)
FendGay74 | 3.1280 2.3650 1.4665 0.08553
Ferg.eGapo s 2.7280 2.0605 1.3375 0.05896
Fes Gaps 1 2.7270 2.0700 1.3265 0.06100

Table B.2: Resonance frequencies of the Fe-Ga samples.

Fes2.6Ga17.4 | Fero.dGazo.a | Fers dGagia
Resonance Measured frequency (kHz)
1 321.6 333.8 299.9
2 391.0 397.0 363.1
3 438.7 440.8 398.7
4 497.5 558.2 505.7
5 551.0 570.6 514.2
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6 554.7 573.4 516.8
7 566.0 578.0 575.9
8 635.7 634.3 582.8
9 668.1 707.9 662.1
10 713.5 725.0 665.0
11 727.9 753.7 699.7
12 802.3 802.5 732.5
13 817.6 884.9 828.7
14 827.5 894.4 833.6
15 910.2 907.3 854.0
16 927.0 928.9 862.2
17 935.0 944.6 879.7
18 937.7 963.1 881.4
19 956.0 966.0 897.9
20 964.9 980.4 913.7
21 972.5 994.7 923.2
22 1009.8 1000.5 941.8
23 1028.0 1063.7 971.3
24 1042.5 1102.8 1022.7
25 1046.3 1107.6 1025.1
26 1083.6 1116.5 1031.3
27 1099.9 1120.7 1039.0
28 1104.6 1132.1 1071.8
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Figure B.1: Resonance frequencies of the Fe-Ga samples.
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Appendix C: Resonance Frequencies of Fe-Ga-X

This appendix provides the measured resonancedneigs for the Fe-Ga-X
samples studied using RUS in Chapter 5. This candatul for a more thorough
understanding of the fundamental properties of-gatium based alloys. For each
sample, the first 30 resonance frequencies arengiVke resonance frequencies of
each sample were measured multiple times, andahey provided here correspond

to the set of frequencies that resulted in the &MRMS error in the RUS algorithm.

Table C.1: Dimensions and masses of the Fe-Ga-X RUS samples.

Sample Dimensions (mm) Mass (g)
Fess72Ga2Coos | 3.0900 2.6545 1.5375 0.09695
Fes2.33Ga17.6Co.07 3.2770 2.2665 1.9215 0.11200
Fes1.23Gais6Co17 | 3.0665 2.1260 1.6230 0.08185
Fess 38 Gaya 6 Bo.o2 2.6375 1.7805 1.2535 0.04580
Fes1.72Gag 2 Bo.os 2.7920 1.9620 1.3615 0.05840
FesasoGasaNoor | 2.7985 2.0630 0.9975 0.04490
F&s0.490 Garg 5 No.o1 2.6970 2.4240 1.7590 0.08965
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Table C.2: Resonance frequencies of the Fe-Ga-C samples.

Fess 785216, Lo.08 | FE82.38517.6C0.07 | Fes1.245a18.6C0.17
Resonance Measured Frequency (kHz)

1 349.6 327.7 338.0
2 444.8 348.3 377.9
3 460.7 403.5 436.9
4 488.4 518.9 560.1
5 514.0 528.4 581.3
6 532.6 550.5 603.2
7 553.3 566.1 627.8
8 625.8 590.7 638.5
9 696.6 633.6 683.2
10 754.9 650.5 7115
11 761.3 654.0 717.8
12 771.9 668.5 760.5
13 856.7 715.9 850.4
14 865.8 731.8 863.7
15 883.4 742.0 868.0
16 893.6 801.4 880.8
17 924.9 803.3 888.6
18 935.0 808.5 935.0
19 940.7 835.8 945.2
20 968.5 838.7 946.6
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21 978.7 879.6 973.1
22 992.2 908.7 1035.4
23 1006.5 952.4 1038.9
24 1038.9 955.2 1071.5
25 1055.9 985.1 1075.3
26 1112.2 989.1 1083.3
27 1141.5 994.2 1086.8
28 1150.6 997.0 1104.0
29 1154.8 1013.8 1104.2
30 1170.9 1062.2 1149.1

Table C.3: Resonance frequencies of the Fe-Ga-B samples.

Fegs 3d5a14.680.02 | Fes1.7Ga18Bo.os
Resonance Measured Frequency (kHz)

1 418.5 351.5
2 489.0 410.3
3 577.2 469.3
4 636.3 593.3
5 787.5 621.5
6 802.4 641.7
7 815.1 652.7
8 856.2 694.8
9 882.0 734.2
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10 918.9 768.6
11 936.2 782.4
12 1055.3 845.5
13 1071.6 931.6
14 1083.9 955.3
15 1202.0 969.0
16 1204.8 977.9
17 1216.7 1001.4
18 1248.2 1035.3
19 1273.7 1043.9
20 1295.0 1053.5
21 1307.9 1063.7
22 1309.3 1104.5
23 1358.9 1151.7
24 1369.9 1164.8
25 1386.2 1169.9
26 1391.1 1173.6
27 1410.1 1201.6
28 1425.3 1202.8
29 1438.8 1210.6
30 1514.5 1225.0
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Table C.4: Resonance frequencies of the Fe-Ga-N samples.

Fesssd5a15.No.01 | Feso.4d5a199No.01
Resonance Measured Frequency (kHz)

1 327.6 353.4
2 463.5 405.6
3 499.9 413.4
4 524.8 462.9
5 590.5 473.4
6 683.9 512.5
7 699.6 517.5
8 733.0 603.0
9 810.9 681.7
10 856.9 698.4
11 863.8 703.4
12 873.4 704.5
13 912.3 715.7
14 1081.4 718.8
15 1098.9 728.3
16 1141.8 766.4
17 1153.1 805.8
18 1177.4 827.5
19 1191.6 833.1
20 1239.9 835.1

120



21 1262.2 866.4
22 1297.2 876.2
23 1325.6 889.8
24 1356.8 947.5
25 1366.0 964.0
26 1371.4 981.9
27 1382.0 1001.3
28 1427.3 1056.9
29 1075.4
30 1094.1

For the Feysdsais.No.orSample, only the first 28 resonance frequencieg wer
measured because thé"2@rough 33 frequencies were so close together they were

indistinguishable.
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Figure C.1: Resonance frequencies of the Fe-Ga-X samples.
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