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Understanding Ferroelastic Domain Reorientation ag
Damping Mechanism in Ferroelectric Reinforced Metal
Matrix Composites

Ben Poquette

(ABSTRACT)

Ferroelectric-reinforced metal matrix compositeR-(MCs) offer the potential to
improve damping characteristics of structural mater Many structural materials are
valued based on their stiffness and strength; heweiff materials typically have
limited inherent ability to dampen mechanical oowstic vibrations. The addition of
ferroelectric ceramic particles may also augmeatstinength of the matrix, creating a
multifunctional composite. The damping behaviotvad FR-MMC systems has been
examined. One involved the incorporation of bartitanate (BaTi@) particles into a
Cu- 10w%Sn (bearing bronze) matrix and the othesrporating them into an
electroformed Ni matrix. Here the damping promgeriof the resulting ferroelectric
reinforced metal matrix composites (FR-MMCs) hagerbinvestigated versus
frequency, temperature (above and below the Cenpérature of the reinforcement),
and number of strain cycles. FR-MMCs currentlyespnt a material system capable of
exhibiting increased damping ability, as comparethe structural metal matrix alone.
Dynamic mechanical analysis and neutron diffractiaae shown that much of this
added damping ability can be attributed to theolectric/ferroelastic nature of the
reinforcement.
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Chapter One- Project Introduction

Most structural metals are selected based on Hiffiness and strength; however, stiff
materials efficiently transmit vibrations, whicrearormally an unwanted side effect of
mechanical motion. Because vibrations can causdamécal failure via high cycle
fatigue, induce physical discomfort, and compronsisalth, significant effort is made to
eliminate them. Effective vibration suppressioar{ghing) could be achieved by
incorporating multifunctional composites, which camultaneously improving passive

damping, strength, and stiffness, into existing plathned structures.

Ferroelectric ceramics have been shown to havedagiping behavior below their Curie
temperaturesl¢), and the damping ability of these ceramics caaxtended to stiff
structural materials through compositifi. The addition of ferroelectric particles does
not only improve damping capacity, but may alsonaenigt the load bearing capacity of

the matrix, creating a multifunctional system.

A multifunctional material is designed to simultansly address two or more
engineering function®. The concept of multifunctionality can be appltednany
applications, including structural materials thag at the same time self-interrogating,
self-healing, stealth providing, or energy dissipgt In most applications, the
implementation of multifunctional materials leadsrmproved system efficiency. In this
work, the feasibility of two systems was evaluat€rhe involved the incorporation of
barium titanate (BaTig) particles into a Cu- 10w%Sn (bearing bronze) maind the
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other incorporating them into an electroformed Nitrx. Here the damping properties
of the resulting ferroelectric reinforced metal matomposites (FR-MMCs) have been
investigated versus frequency, temperature (abogidoalow the Curie temperature of

the reinforcement), and number of strain cycles.

The purpose of this work is to understand new nagho improve the overall quality of

22> "%while at the same

FR-MMCs as compared to work previously done in #n
time further the understanding of ferroelastic iy as a damping mechanism and how

environmental and loading parameters affect it.



Chapter Two- Background

The focus of this work is the fabrication and cleégazation of ferroelectric reinforced
metal matrix composites (FR-MMCs) for damping atrdcural applications. This
subject brings together several different areaxpertise. In order to address each of
these areas, this chapter will be divided into Beetions. The first section will focus on
the concept of damping, the quantities used tcesgmt it, and the methods used to
measure damping ability in materials. Metal mataxnposites (MMCs) and their
strengthening mechanisms will be addressed indbersl section, with the focus being
on the predicted behavior of both the bronze-Ba B electroformed Ni systems. The
third section will address ferroelectric materialhiat makes them unique, and
ferroelastic domain motion as the root of theirhdamping capability. Section four is
focused on neutron diffraction and its use in makeicharacterization. Finally, section
five will address electrochemical deposition, pgyspecial attention to electroless

plating onto nonconducting substrates and Ni edéatming.
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1. Damping

In many practical applications, the rate at whilads&c waves (periodically changing
local strains) become attenuated in a structuoé e®nsiderable importance. For
example, the use of components made from matevitisa high damping ability leads
to reduced noise and vibration in machinery. Htre amplitude of vibration is lowered,

reducing the noise volume and/or the danger ofdiatifailure caused by vibrations.

Vibration is a form of simple harmonic motion. #gh all motion, it will continue until

a retarding force is applied. A retarding forcamy force applied opposite that of the
harmonic motion. In passively damping materitdss retarding force comes in the form
of resistance to strain leading to a phase lagémtvapplied stress and material response.
By this process, mechanical energy is dissipatien an the form of heat. Thus,

damping can be thought of as the dissipation ofggneith time.

1.1 Damping Measurement in this Work

Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) is a nondestigctesting technique that will be
utilized in this work. In this method, the sampiaterial is subjected to an oscillating

force, as shown in Figure 1.

DMA

Figure 1. Schematic of a Dynamic Mechanical AnalyzeDMA
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This force induces an oscillating strain responsiié material, as shown in Figure 2.

é, Phase Lag

~ S ~

Applied Stres;\Strain Response

Figure 2. Applied stress and strain response in thmaterial.

In most materials, there is a response time betww®m an object is stressed and when it
responds to that stress. This response time ra@swdtphase lag or phase angig (

between the curves for applied stress and straporese, and is essentially a
manifestation of anelasticity. The tangent of filigse lag or loss tangent (@ns
commonly used to describe the damping ability ofederial. For purely elastic materials

the phase lag is zero degrees and 90 degreesriy piscous ones.

To measure this value, the DMA records the rawagyof force, amplitude of
deformation and phase lag directly. Force and anga can also be used with the phase
lag to calculate the loss and storage stiffn&8sandK’). Tand is calculated as the ratio
of K" toK’. The loss and storage modl’ (andE’) are calculated by multiplying the
raw stiffness measurements by appropriate georfasttgrs. It should be noted that &n
can also be calculated as the rati&€bdfto E’. A good understanding of sample stiffness

is important for understanding geometry selectitiemvconducting DMA measurements.

Stress-Strain Hysteresis Method

Any material that is not perfectly elastic will ekt some hysteresis when cyclically
strained. Plotting this strain against the steggsied produces a hysteresis curve like

that seen in Figure 3.
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Loading E V
; J

Unloading

Figure 3. Stress-strain hysteresis curve.

Utilizing this curve, the specific damping capadi#) can be found using Eq*#where
the energy dissipated\V) is the area between the loading and unloadingecand the

energy storedW) is the area under the loading curve in Figut2 3.
AW

= Eq 1l
1/ W q

1.2 Nomenclature

As previously mentioned, all of the energy-absaglpnocesses active in a material
contribute to its internal friction. Table 1 comsiseveral commonly used quantities for

describing internal friction?

Table 1. Commonly used measures for internal fricn

Loss | Loss | Damping| Specific | Logarithmic| Inverse | Ratio of Energy
Tangent| Factor| Ratio Damping | Decrement| Quality Loss to Elastic

Capacity, Factor Stored Energy
SDC Per Cycle
tano n Z Y A Q_l WiosdWstored

The relationship between these quantities is adlin Eq 2.
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Eq 2

stored

Heretan ¢ is referred to as the loss tangents the loss factor{ is the damping ratio?
represents the specific damping capacityis the logarithmic decremen€™ is the
inverse quality factor, and/osdWstorediS the ratio of the energy l0sé/fs9 to the energy

stored Wstoreg PEF CyCle.

1.3 Damping Values of Selected Engineering Material

As a general reference, the tafor several engineering materials has been ginen i
Table 2** These room temperature values are what coulcjeceed across a wide

range of test parameters such as strain and freguen

Table 2. Measured damping ability of several engirexing materials at room temperature* *

Material tano
Alumina (Al,O5) 1-10° - 3-10°
Steel 210° - 3-10°
Cast Iron 610° - 3-10°
Concrete 107?-3-10°
Wood 3-10°- 3-10°
Polyethylene 0.1-0.3
Butyl Rubber 0.3-4.0

1.4 Damping Mechanisms in Materials

Materials for vibration damping are generally methd polymer$® These materials
generally have a sufficient elastic modulus to eful in structural applications with
sufficient energy dissipation ability to decreag@ation attenuation in the structure.
Polymers, particularly thermoplastics, rely prinhaan viscoelasticity as a damping
mechanism. In metals, microstucture plays an itaporole in the activation damping
mechanisms. Ceramics are generally not efficiamkr, however due to their high
stiffness, even small improvements in damping bieimaan be extremely valuable.

Composite systems of the above mentioned matdayaiseir very nature, can exhibit a
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high degree of interfacial damping.This will be discussed in detail in section 2f4his
chapter. All of these mechanisms however, aregtyadependent on the nature of the
vibration applied to the system. Many will onlychene active within a certain stress
range, can be strongly frequency dependent andiar & limited life span.

Polymers

Rubber is commonly used as a high damping matéaabever its low modulus makes it
unattractive as a purely structural material. ©tdmmmon high damping polymers
include polytetrafluoroethylene (PTFE), polyureteaand several blends of
polypropylene, polysulfone, polyimide, polyethylemad polyvinylchloride (PVCY® In
general, elastomer and other amorphous thermagdasith a glass transition
temperature below room temperature are attractivddmping due to their viscsoelastic
properties. Here energy is dissipated as frictibeat as the polymer chains and/or
molecules slide past one another. Additiondlly interfaces created in polymer blends

and polymer based composites lend additional dagripatavior.

Metals

Damping in most metals is heavily dependent onstcucture’® Certain structures
however, can more easily facilitate certain mecsrasi All metals dissipate energy
through the creation and movement of dislocatidnsshape-memory alloys, a
reversible, stress induced martensitic transfolwnatan increase damping due to a large
hysteresis between loading and unloading. Phasedawmies, grain boundaries and other
boundaries in the material can also contributeatmging, as interfaces may move
slightly slip with respect to one another duringraition. Also, when an elastic wave
strikes such a defect, the imperfect transfer adtet energy can lead to interfacial

heating.
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Ceramics

Ceramics are not commonly used primarily for dargphrowever due to their high
stiffness, ceramic structures can benefit fromiangease in damping. The most widely
used structural ceramic is concrete, which is apmsite of cement and aggregate. Fine
particles of silica can be added to further inceea®mount of interface in this material

which relies on interfacial composite mechanisnrstéolimited damping ability®
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2. Metal Matrix Composites

Metal matrix composites (MMCs) encompass a widgeaof material and
microstructural combinations, each of which hasammon a continuous metallic
matrix. MMCs can be further subdivided based airtreinforcement morphology.
Reinforcements generally come in the form of cardgims fibers, short fibers, or particles,
each of which relies primarily on unique strengihngmechanism$® ?° These

categories are summarized in Table 3.

Table 3. Metal matrix composite subcategories

Reinforcement

Type of MMC Morphology Primary Strengthening Mechanism
Fiber Strengthened Long fibers Shear lag theory
(Continuously Reinforced) | (aspect ratio >10) (Load transfer from matrix to fiber)

Short fibers or whiskers
(aspect ratio <10), and/or | Combination of fibeand_dispersion
Large particles strengthening mechanisms

(diameter >1um)

Discontinuously Reinforced

Orowan inhibition of dislocation
motiorf?,
Boundary strengthening
Small particles - Matrix/reinforcement
(diameter <1pum) - Grain size refinement

in the matrix
Coefficient of thermal expansion
mismatch

Dispersion Strengthened

In this work, two discontinuous metal matrix comp®systems were examined; one
having a matrix of Cu-10w%Sn bronze and the oth#r an electroformed nickel, both
reinforced with ~35um BaTigXerroelectric ceramic particles.

2.1 Strengthening Mechanisms in DiscontinuouslhynReced Metal Matrix Composites

Discontinuously reinforced composites fall somewhaetween the dispersion
strengthened and fiber strengthened extremes.sdoniinuously reinforced composite’s
place between these extremes is strongly dependeht size and shape of its
reinforcement. In general, as the aspect rattb@feinforcement increases, the

composite tends to exhibit increased amounts ef fitrengthening, but as particle size

10

73]
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or whisker diameter decreases, the composite evill to be primarily strengthened by
dispersion methods. With this in mind, an ideahposite may be one having a high
aspect ratio, small diameter reinforcement, in llagtrengthening mechanisms would be
highly active. The following sections should seteexplain how reinforcement size and
geometry affects the strengthening contributionshieége mechanisms. These
calculations are based on a mean particle reinfioece size of 35 microns and the
published properties for BaT#Cu- 10w% Sn bronze, and electroformed Ni shown in
Table 4, Table 5, and Table 6.

Selected properties of ceramic Bafi@e shown in Table %%

Table 4. Selected properties of ceramic BaTiO3

Modulus | Elastic | Theoretica|Melting| Piezoelectrig Electro-aL Coef. of | Curie
of Modulus,| Density, | Temp.| Constant |mechanical Thermal | Temp.
Rupture, E Dth Tm d33 Coupling |Expansion Tc
MOR Factor k a
82 MPa | 67 GPa 6.02 | 1618 | 191 pC/N 0.5 0.9x10 | 130
gl/cnt °C 1°C °C
Selected properties of annealed Cu- 10w% Sn brareshown in Table %.
Table 5. Selected properties of Cu- 10w% Sn bronze
Yield | Tensile | Elastic _ |Poisson’y Melting| Coef. of Electrical
Density, . Thermal o
Strength, Strength{Modulus, Ratio | Temp. .| Resistivity at
p Expansion
oy Or E % T o 20°C
8.78
195 MP4 455 MP4q 110 GP3 0.34 | 1006C 1'8‘/10)(105 157 2/m
glent 1rc
Selected properties of electroformed sulfamaterdlishown in Table & 2’
Table 6. Selected properties electroformed sulfamatnickel
Yield | Tensile | Elastic ~ |Poisson’y Melting| Coef. of Electrical
Strength, StrengthModulus Density, Ratio | Tem Thermal Resistivity at
g g ! p P- Expansion y
oy Ot E v Tm o 20°C
8.90
538 MPa 758 MPg 207 GP4 0.31 | 1458C 1.31x10° 95 M/m
glent 1/°C

11
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Shear Lag Theory

The shear lag theory assumes that load transfersobetween high aspect ratio
reinforcement and the matrix by means of sheasstieat the particle-matrix interface.
Through this mechanism, the particle acts to bearesof the applied load. The original
modef® of this mechanism only accounted for the sheaistex of load along the
interface parallel to the applied load, but subsatjmodifications have been made to
account for the tensile transfer of load at theiglarends. This is important in dispersion
strengthened composites, as its contribution temééecome more significant as the
aspect ratio of the particle decea$ed) According to the modified shear lag theory,
which assumes no slipping at the matrix/reinforceni®/R) interface, the yield strength
of a composite can be found using EY 3.

g, = aym{1+ %}f +Jym(1— f) Eqa

Heregynis the yield strength of the unreinforced matrixis the length of the particle
perpendicular to the applied stresss the length of the particle parallel to the &bl
stress.Srepresents the particle aspect ratio, faisdhe particle volume fraction. In the

case of spherical or equiaxed partidlest andS= 1 reducing Eq 3 to Eq %
_ 1
o, _a-ym(l-'-z fJ Eq 4

This represents a linear and very modest increagield strength with increasing
volume fraction. Upon comparison of Eq 3and Ethé,dependence on aspect ratio
becomes apparent. Applying this relation, Figushéws the dependence of yield
strength vs. volume fraction reinforcement for bibtd Cu-10w%Sn (Figure 4) and the

Ni (Figure 5) matrix composite systems reinforcath@5um BaTiQ particles.

12
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Composite Yield Strength, MPa
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Figure 4. Calculated dependence of yield strengthsvvolume fraction reinforcement according to the

modified shear lag theory of the bronze-BaTiO3 compsite system.

Composite Yield Strength, MPa

Shear Lag Strengthening vs. Volume Fraction Reinforcement, Ni-BaTiO,
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Figure 5. Calculated dependence of yield strengthsvvolume fraction reinforcement according to the

modified shear lag theory of the electroformed Ni-BTiO; composite system.

In this work, this upward trend becomes dually img@oet. Not only does it predict

composite strengthening due to load transfer, fom fthe prediction of load transfer, one

13
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can predict increased damping arising from thevatiin of damping mechanisms in the

reinforcement by the transferred load.

Orowan Strengthening

Yielding in metals generally occurs through thegess of dislocation motion. In
composites containing small (), incoherent particles, inhibition of dislocation
motion can arise as dislocations physically intevath the small reinforcement. With
small impenetrable particles, a passing dislocatibihbow between particles and finally

pass by leaving behind an “Orowan” loop, as illatd in Figure 6.

P44 P 444 4

o
. O,

Figure 6. Formation of an Orowan loop as a dislocédn bows around a particle

By increasing dislocation density through the doeaof Orowan loops and by causing
dislocations to increase in length, the presentbade small particles tends to increase
the yield strength of the material. This was oradly described by the Orowan
relationship* which predicts the shear stressrequired for a dislocation to by-pass a

particle and is shown in Eq 5.

A Eq5

Here,G is the shear modulus of the matrix matetak the operative Burger’s vector,
andA..is the edge-to-edge spacing of the particles. pshbadified the above equation
to account for diminished strengthening as thegarsize approaches an atomic
diameter. Further modification to normal strespatycrystalline materials yield8; 3

2r

In
24G b r
o.=0,+ m 9 Eq 6
2ml-v)* A,

14
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or for rod and plate shaped reinforcement, Kellg Street proposed a further
modification?
LT

1+
o.=0,+ 24G,, [b Acce In L Eq7
" 2a-v)? A r

0o

In Eq 6 and Eq 7, the factor 2.4 comes from thelpcbof the Taylor factor~@), which
relates shear to normal stresses, and a statiggoahetric factor, which discounts the
overall strengthening effect that is possible. sTdiscount is based on the fact that the
wrapping of a dislocation around one patrticle iniiiis ability to fully wrap around and
adjacent particle. Thus the adjacent particle camtibit the motion of that dislocation
to its fullest ability. This discounted ability iaeen calculated to be roughly 0%81.
Also, a¢ is the strength of the composite ands the strength of the matrix without
reinforcement. G, is the shear modulus of the matrix, which forrispic matrices can be

found using Eq 8.

G =

Here,v is Poisson’s ratio anl the elastic modulus of the matrix.

Referring back to Eq 8 and Eqt9s the thickness andr the total length of rod or plate
reinforcement.b is the magnitude of the Burgers vector for defdromein the matrix,
which for cubic matrices can be estimated as2(rn, ), wherer,, is the atomic radius of
the matrix. ro, represents the dislocation core radius which eaegtimated ag ~ 3b. r
is the average particle radius, andis the edge-to-edge particle spacing, which is
approximated by Eq 9.

ee ™ e Eq 9

Ac-c IS the center-to-center particle spacing accortbrigg 10.

2’
Ao =123 [Egj Eq 10

Here,f is the volume fraction reinforcement.

15
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The Ashby-Orowan Equation predicts increased sthewgh decreasing particles size
and/or increasing volume fractions. This is pafady true for particles in the

submicron range, but strengthening effects aregpsabicted but not expected to be
dominant for particle sizes greater thapit0 Figure 8 shows the predicted dependence
of yield strength vs. volume fraction reinforcemantording to Ashby-Orowan
strengthening, for both the Cu-10w%Sn (Figure 1) thie electroformed Ni-BaTi)

(Figure 8) composite system addressed in this work.

Orowan Strengthening vs. Volume Fraction Reinforcement, Bronze-BaTiO,
201.0 4

200.5—-
200.0—-
199.5—-
199.0—-

198.5

[
©
©
o
1

197.54

197.0 4

Composite Yield Strength, MPa

=
© ©
o o
o w
1 1

195.5+

195.0 4——¥——F—"—F—"—"F—"—"F—"—"F——T——T——1——
000 005 010 015 020 025 030 035 040 045 050

Volume Fraction Reinforcement

Figure 7. Calculated dependence of yield strengthsvvolume fraction reinforcement according to
Orowan strengthening of the bronze-BaTiO3 compositeystem.
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Orowan Strengthening vs. Volume Fraction Reinforcement, Ni-BaTiO,
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Figure 8. Calculated dependence of yield strengthsvvolume fraction reinforcement according to
Orowan strengthening of the electroformed nickel-B&iO ; composite system.

Due to the relatively large size of the particuliaimforcement (3%m), negligible
Orowan strengthening is predicted for this systeowever the scale has been expanded

to better visualize the trend.

Boundary Strengthening

The Ashby-Orowan Equation predicts negligible ggtbening in composites having
coarse or widely-spaced reinforceméhin such systems, an alternative mechanism of
strengthening may be predominant, boundary strengtly. Again, yielding in metals
occurs primarily through the creation and motionlisfocations, and this mechanism is
based on crystallographic discontinuities or bouedampeding this motion. When the
reinforcement is added to the matrix, boundaried@med. When the material is
stressed, dislocations tend to pile-up at thesghieient interfaces increasing the overall
dislocation density and thus strength of the makerThis is similar to Hall-Petch
strengthening in metals, which can simultaneoustuoin the matrix due to grain

refinement®

17
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There are four different equations used to modehbary strengthening. These are
based on the shear “impingement” stregs.fdary from the matrix at the
matrix/reinforcement (M/R) boundary and also theastproperties of the matrixn{atix)
and reinforcementrinforcement- T his behavior can be difficult to predict, steo

composites are stressed to failure and examinddteymine which equation to use.

If the paI’tIC|e haS fractured, tr-IEIga)L“']dary> Treinforcement-fractur,ea.nd Eq 11 |S Used tO

calculate composite strengi)

_ ., [GuG,b
O, =0, %4a K Eq 11

If the matrix has fractured, th@Boundary Tmatrix-fracture @Nd EQ 12 is used to calculate

_ . G:b
o.=0,+a N Eq 12

If the partiC|e has yielded, th@Rinforcement-fracture Thoundary™ Treinforcement-yield and Eq 13 IS

o, =0,ta CnG,b
c o um 101, _, Eq 13

If the paI’tIC|e haS nelthel’ fractured nor yieldmnTreinforcement-fractur?> Treinforcement-yield

used.

>> Thoundary &N EQ 14 is used utilized.

o, =0, ta’ CnE,b
c = Tm 104, Eq 14

In Eq 11-Eq 14¢n is the matrix strength without reinforceme@:, andG, are the shear
moduli of the matrix and particleE, is the elastic modulus of the particlerepresents
the Burger’s vector for deformation in the matri.. is the edge-to-edge particle
spacing from Eq 9, andis used as a fitting parameter with a value apprately equal

to one.

18
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The presence af is an acknowledgement that the equations aregiregliand that there
are other factors which may influence the actulleraf strength obtained through

experiment. In Eq 11-Eq 14, the trend shown iflEds generally trué’

a >a >a >a Eq 15

For both the Cu-10w%Sn and the electroformed niBledliO; systems studied in this
work, the BaTiQ reinforcement is expected to fracture upon testisged upon its low
strength. Therefore,oundary™ Treinforcement-ractur@Nd EQ 11 might be used to calculate the
composite strength. However, this cannot be \egtithrough experiment as the
reinforcement particles are already heavily craakee to processing conditions. In
cases such as this when the failure conditionsatdmndetermined, an underestimate of
the boundary strengthening behavior can be fouihding the experimentally
determined Hall-Petch behavior of the matrix materirhis is done, by combining the

Hall-Petch equatiof) wherek.» represents the Hall-Petch constant drtide grain

o
. =0, H—PE Eq 16

with the equations for boundary strengtheningédnl1-Eq 14, the modulus and

diameter,

Burger’s vector terms inside the square root alweitly the factor of 5 or 10 represent the
mechanical mismatch between the matrix and théaei@ment. Large values of this
term signify that the reinforcement particles agedrwith respect to the matrix, and thus
would act as strong barriers to dislocation motidhis is analogous to the Hall-Petch
constant which describes the rigidity of grain bdames, as compared to the interior of
grains, and their ability to impede dislocation ot Thus a substitution can be made in
Eq 11-Eq 14 resulting in Eq 17, whegepr represents the Hall-Petch constant for the
matrix material.

= + ak -
UC am a H-P A Eq 17
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Here,o remains as a fitting parameter with a value appnaiely equal to one, ard.cis
the edge to edge spacing between the particles didtance, as witt from Eq 16,

represents the spacing between obstacles to dislogaotion in the material.

As mentioned earlier, the calculation of strengthgrffects using Eq 17 usually leads to
an underestimate of true strengthening behavias iSldue to the fact that in most
composite systems reinforcement particles are rbaetier barriers to dislocation motion
than are grain boundaries in a material. In tise cd the bronze-BaTi>ystem, thé p

for Cu (0.112 MNnt3* is used to calculate boundary strengthening effectd this has
been plotted vs. reinforcement volume fractiontasas in Figure 9.

Boundary Strengthening vs. Volume Fraction Reinforcement, Bronze-BaTiO,
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Figure 9. Calculated dependence of yield strengthsvvolume fraction reinforcement according to
boundary strengthening of the bronze-BaTiO3 compos system.

For the Ni-BaTiQ system, thég., for Ni (0.13 MNm*?*3is used to calculate boundary
strengthening effects, and this has been plotteteusorcement volume fraction as

shown in Figure 10.
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Boundary Strengthening vs. Volume Fraction Reinforcement, Ni-BaTiO,
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Figure 10. Calculated dependence of yield strengtfs. volume fraction reinforcement according to
boundary strengthening of the Ni-BaTiO; composite system.

Coefficient of Thermal Expansion Mismatch

Dislocation strengthening of the matrix due to thakrexpansion mismatch between the
matrix and reinforcement, can also play an impantale in MMC strengthening’ The
residual stress developed due to the differencedfficient of thermal expansion
between the matrix and reinforcemef€C{TE) can be large enough to induce plastic
relaxation in the matrix. This can increase diata@mmn density by a few orders of
magnitude in the matrix leading to the strengthgmifithe composit&> The composite

strength @) can be predicted by this mechanism using EY 18,

1
— 2fepceb S )2
JC—Jm+aGm(WV_ Eq 18
or with Eq 19/ for cylindrical reinforcement.
1
- : 2fepcreb1)?
Jc—am+aGm[ (1—f) T Eq 19
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Here,on is the matrix strength without reinforcement. Aga is used as a fitting
parameter as in Eq 11-Eq 14with a value approxipaggual to one. As befor&, is
the shear modulus of the matrixgpresents the volume fraction of reinforcemend, ta
is the reinforcement thicknesb.is the Burger’s vector for deformation in the matr
which can be estimated for cubic matrices as apprately the atomic diameteS/Vis
the surface to volume ratio, aggte is predicted using Eq 20,

_ (ACTE)(AT)
ACTE — 2 Eq 20

wheredT is the temperature change upon cool-down duringgssing or heat treatment.
For the bronze-BaTi§) system this was based on the Bgiitering temperature used for

consolidation.

For the bronze-BaTi§) ACTE strengthening has been calculated for equiBeddO;

and plotted vs. reinforcement volume fraction. sTisishown in Figure 11.

ACTE Strengthening vs. Volume Fraction Reinforcement, Bronze-BaTiO,
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Figure 11. Dependence of yield strength vs. volunigction reinforcement according toACTE
strengthening of the bronze-BaTiO3 composite system
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For the Ni-BaTiQ, ACTE strengthening has been calculated and ploged v

reinforcement volume fraction. This is shown igue 12.

ACTE Strengthening vs. Volume Fraction Reinforcement, Ni-BaTiO,
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Figure 12. Dependence of yield strength vs. volunfection reinforcement according toACTE
strengthening of the Ni-BaTiO; composite system.

This was modeled based on cooling from the elemtnoihg temperature of G, and as
with Orowan strengthening, t#&CTE mechanism is not predicted to have a largeeffe

on the strength of either system.

Indirect Strengthening Mechanisms

Metal matrix composites can also be strengthenanddghanisms indirectly related to
reinforcement addition. These indirect effectgfstem from changes made to the
matrix through reinforcement addition. Especiatlyhe case of small particulates, the
reinforcement can cause grain refinement in theirmigiading to strengthening through
Hall-Petch mechanisms as previously mentionedn&t or secondary recrystallization
can also be initiated through reinforcement additi@issolution of the reinforcement or
the formation of reaction layers at the M/R integaan also lead to strengthening or
weakening in the matrix. These secondary effedtsnat be addressed in this work.
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2.2 Additivity of Strengthening Mechanism EffeatsNetal Matrix Composites

Figure 13 compares the effects of each of the pusly mentioned direct strengthening

mechanisms.

Strengthening vs. Volume Fraction Reinforcement, Bronze-BaTiO,
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Figure 13. Dependence of yield strength vs. voluniection reinforcement according to shear lag,
Orowan, boundary, andACTE strengthening of the bronze-BaTiO3 composite sgem.

Figure 14 compares the effects of each of the puesly mentioned direct strengthening

mechanisms for the Ni matrix system.
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Figure 14. Dependence of yield strength vs. voluniection reinforcement according to shear lag,
Orowan, boundary, andACTE strengthening of the Ni-BaTiO; composite system.

In general, these strengthening effects are alleat a composite at the same time
leading to a combined effect on composite strengjiiterdependency of these
strengthening mechanisms however leads to thegti@uiof composite strength using an

upper and lower bounds.

The upper bound assumes that each mechanism sigesghdependently and combines

their effects using linear additivity. This is shtoin Eq 21.

g, = am + AaShearLat_:] + AO-Orowan + AU Boundary + AO-ACTE

c

Eq 21
The lower bound assumes strong interdependente ehéchanisms using Pythagorean

additivity, as shown in Eq 22.

2
c

— 2 2 2 2 2
o - Um + AO-ShearLag + AO-Orowan + AO-Boundary + AO-ACTE Eq 22

The predicted upper and lower bounds of the conpggld strength vs. volume

fraction reinforcement can be seen in Figure 15Herbronze-BaTi@system.
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Combined Strengthening vs. Volume Fraction Reinforcement, Bronze-BaTiO,
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Figure 15. Dependence of yield strength vs. voluniection reinforcement according to the combined
strengthening mechanisms of the bronze-BaTiO3 compgie system.

The predicted upper and lower bounds of the conpggeld strength vs. volume

fraction reinforcement can be seen in Figure 18HerNi-BaTiQ system.
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Strengthening vs. Volume Fraction Reinforcement, Ni-BaTiO,
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Figure 16. Dependence of yield strength vs. voluniection reinforcement according to the combined
strengthening mechanisms of the Ni-BaTi@composite system.

2.3 Damping Mechanisms in Metal Matrix Composites

The damping ability of a MMC is generally greateart a simple volume fraction
combination of the abilities of its constitueni&his is due to a number of additional
damping mechanisms involved in composite systems. i§ particularly true if the
matrix/reinforcement (M/R) bonding is poor. Intfal damping mechanisms, such as
frictional sliding or stress induced diffusion assdhe interface, are both potential
energy-absorbing processes. Also, when an elasite strikes an imperfectly bonded

interface, the imperfect transfer of elastic enargy lead to interfacial heating.

Further increases in damping ability can be atthimben the presence of one constituent
increases the inherent damping ability of anotherthe matrix as in unreinforced

metals, the local movement of dislocations canesém\dissipate energy. This occurs as
they escape from pinning points, vibrate and/ax@hto local low energy

configurations. The main difference in MMCs isttha a consequence of CTE mismatch

between the matrix and reinforcement or of thegmes of Orowan loops, dislocation
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density is usually greater and dislocations areenedficiently pinned or tangled. Also in
the matrix, as in unreinforced metals, grain boupdéading can occur. This is further
increased in MMCs however, due to the refinememrain size induced by the

reinforcement.

In MMCs, the matrix and interface are not the adyrces of damping. Since some
degree of stress is usually transferred to thdaeiament, all of the reinforcement’s
inherent damping mechanisms can be active. lodke of this work, the damping
ability of BaTiQs is being used to increase the overall dampingtgalof both the bronze

and the electroformed nickel matrices.
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3. Ferroelectric Materials

Ferroelectrics are group of dielectric materialschtexhibit spontaneous polarization,
that is, polarization in the absence of an eledigid. They are the dielectric analogue of
ferromagnetic materials, which may display permaneggnetic behavior. In
ferroelectric materials, there must exist permaedésttric dipoles, which are capable of
switching polarity in the presence of an electigddf. The origin of this will be explained
later using barium titanate (BaT4j0as an example.

3.1 Piezoelectricity

There are 32 classes or point groups of crystatiaterials. Of these, 11 are
centrosymmetric and contain no polarity. Theretbeecenter of negative charge
coincides with the center of positive charge. Thimains true even under stress, so this
type of crystal is termed paraelectric. Of the rignimg 21 non-centric crystals, 20 have
one or more axes along which when stressed exhibpiezoelectric effecf
Piezoelectricity is the ability to develop an efectharge proportional to a mechanical

stress.

3.2 Curie Temperature

As mentioned previously, piezoelectricity is depamdon crystal structure, so in
piezoelectric materials, phase changes are vergriapt. During a phase change a non-
piezoelectric (paraelectric) phase may become pleztric or vice versa, and the
temperature at which such phase change occur®wrkas the Curie point or Curie

temperatureTc).

Barium titanate (BaTig) is given as an example in Figure 17.
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(piezo) (piezo) (piezo) (non-piezo)
rhombohedral -90c  orthorhombic 0T tetragonal 130T cubic

. Ba2+ .) OZ- € Ti4+

Figure 17. Crystal phases of barium titanate

From the figure it can be seen that the Curie poif8aTiO; is at ~130C, where there is
a phase change between the piezoelectric tetragbaak and the paraelectric cubic

phase.

3.3 Pyroelectricity

Of the 20 piezoelectric crystal classes, 10 cordahirast one spontaneous polar axis in
the unit cell, i.e. an axis which shows propertiesne end different from those at the
other. This polarization is spontaneous in thakists without external influence, such as
an electric or stress field. Crystals of this tgpe deemed pyroelectric, due to the fact
that the magnitude of this spontaneous polarizgfgnvaries with temperature until
heated througfic.

In order to minimize energy, polarized unit cellaage themselves in likely oriented
groups called domairfé.®" *® The size and arrangement of these domains ie#uit of
two competing energies, the domain wall energythedlepolarization energy of the
surroundingslidp).38 To explain this further, imagine a pyroelectiiinge crystal

consisting of many polarized unit cells alignedha same direction as seen in Figure 18.
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Figure 18. Charge arrangement in a single crystalyroelectric

In this state, the crystal would have one singl@aio. In this domain, the net
polarization of the like-oriented unit cells createnet polarization across the crystal.
Since the crystal is polarized, surface chargesaleced on its surface. The surface
charges create a depolarizing electric fi€lgh\ whose energy is proportional to the
volume of the crystal and the square of the paiéion>® HereEy, is essentially the
result of the resistance of the surroundings t@imexpolarized; thus, the aligned single
domain state which opposes the depolarizing fiela very high energy state for the

crystal.

To avoid this high energy state, the unit cellaiage themselves into several domains.
The domains themselves remain polarized, but Hriparallel arrangement causes the
overall net polarization of the crystal to approaeho, as in Figure 19. At this point,
although the individual unit cells are of a piezmttic class, the crystal as a whole will

not exhibit the piezoelectric effect.
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Figure 19. Antiparallel domains

This arrangement occurs upon normal cooling thrabghCurie temperaturd{). As

the pyroelectric phase nucleates, the°¥8froelectric domains arrange to minimize the
overall electrostatic energy stité’i.e., to minimize the overall polarization. A
minimum energy state, however, cannot generallgdhéeved through 18@omain
formation alone. Local thermal stresses also affeatain formation creating 90
ferroelastic domains in the form of twins withireth80 domains. These 9@omains
serve to stabilize the tetragonal phase by relgeemmpressive stress while maintaining

overall neutral polarity along the polarized axishe materiaf®*° Figure 20.

(o)
l 90° Domains
- .
o (Twin)
+
o l T I Direction of Polarization

o

Figure 20. A twin (90 ferroelastic domains) across the 18@omains
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As an increasing number of domains are formed aadanged, energy is stored in the
boundaries or “walls” between then. At the samestthough, the energy of the crystal is
lowered as its net polarization and internal steesseduced. An actual resulting domain
structure, is seen in Figure 21, showing the matdsicompromise reached as domain

mobility drops off with temperature from its peakTa.

Figure 21. Antiparallel domains showing unit cell ad domain wall placement

This same process occurs in the individual grafrmotycrystalline pyroelectrics, with
each grain consisting of its own multi-domain stuve.

3.4 Poling

Poling is the process of using an external fordeias the alignment of the polar axes in a
multi-domain material. In the case of pyroelectritss force is usually in the form of an
electric field. If a DC electric field is applied a pyroelectric crystal having several
randomly oriented domains, each of the domainsatoed in the crystal will show a
tendency to align in the direction of the appliedd (Eapp). This realignment of domains
takes place by way of nucleation and domain waliiemo which comes at an energy cost

overcome byE,pp
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One common example of a poling device is a capaititwhich the pyroelectric acts as
the dielectric material between the electrodes.efMoling large ceramic samples, two
thin layers of conductive material are plated dh®sample at opposite ends. These
layers are used as electrical contacts for thdipesind negative electrodes of the poling
device. Once an electric field of sufficient magde is created across the pyroelectric,
its random domains align, creating a piezoeleatrdterial. Consequently, it is along the

axis of polarization that the poled material withébit maximum piezoelectric properties.

3.5 Ferroelectricity

Within the 10 pyroelectric crystal classes, thedists a subset of materials known as
ferroelectrics. Ferroelectrics are materials whssantaneous polar axes can be reversed
180 with the application of an electric field. Thisoperty, known as switching, allows
for greater ease and quality of poling. Througk ffhenomenon, existing antiparallel
domains can simply reverse their orientation tgraWith the applied electric field. This
facilitates domain reorientation with a lesser awfnce on the higher energy
mechanisms previously mentioned. The result is thajeneral, bulk ferroelectric
materials can be more readily made piezoelecticveth a larger degree of remnant
polarization than other pyroelectric materials.e BaTiQ; utilized for this study is a
ferroelectric material, however since applied stigsnerally does not cause ferroelectric
domain switching; it is actually the pyroelectratare of BaTiQ which leads to its high-
damping properties. In the literature though, BxTand other pyroelectric materials are
better know for their ferroelectric properties ard commonly termed “ferroelectrics”
regardless of their application. Thus the autla® ¢thosen to stick with the classification

of BaTiO; as a ferroelectric to avoid confusion.

3.6 Damping by Ferroelastic Domain Motion

As previously mentioned, stress can have an efiectomain structure and orientation.
External or internal stresses can cause the foomafi 90 ferroelastic domains, which
form through the twinning of existing 18ferroelectric domain®“% ** As this occurs, a
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portion of the applied stress energy is dissipadsdt is utilized for domain reorientation.
In the case of a cyclic applied stress, as withatibnal energy, the induced twinning is
also cyclic. With each cycle, energy is dissipatdtectively damping the vibrational
stress. When the external stress is relievedtjerity of the induced twins (80
domains) will disappear by relaxing back to théiahil8CF domain structure. Those
twins which remain are considered irreversible aiibnot further contribute to damping
once activated as they have become immobile. Tiagarsibility is generally caused by
pinning of the twins by grain boundaries, by ottveins, or by oxygen vacancies which

disrupt the tetragonal domain structdfe'’ 42

In work performed by this group, this mechanism lbesn proven to play a large role in
the damping ability of FR-MMC8%.* > %4 |t should be noted however, that this effect is
sensitive to the existing domain structure and nedtgrain size. This is a direct result of
the limiting effect on domain wall motion of graiundaries in materials having grains

smaller than gm."*°
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4. Neutron Diffraction

In order to fully characterize a material or matksystem, it is often beneficial to see
“‘inside” the system. This is often attemptedtigh sectioning of the material and
observation through either optical or electron wscopy of the newly exposed surface.
These methods however, are destructive to the saamal preclude in-situ
characterization. Using these destructive methibastrue interior of the sample is not
observed, but rather a newly created surface whashbeen altered by the cutting
method itself and exposure to the environment. tidawiffraction is a nondestructive
technique that has become increasingly populaaserdnd bulk material

characterization technique.

In the medical field and others involving the u$éow density or “soft” materials, x-rays
are generally used as a nondestructive meanswoth&interior of a material or system.
X-rays, like light and electrons, interact with aam@ scattered by the electrons in the
sample. Because of this, the penetration depxirays at a given energy is determined
by the material’s physical density which directigrtslates to electron density in that
material. This is why in medical x-rays the safsties appear transparent and the bone
structures do not. By increasing the x-ray eneogg can look further into bulk
materials as this energy enables increased x-nagtrion. However, this brute force
method can damage or alter the sample while it tke x-ray beam. In some large scale
facilities, however, high energy x-rays are cursehging utilized to peer inside

materials, especially for those that cannot be gdagith neutron techniques.

Neutrons have no charge and thus have minimakictien with the electrons of a
material. Neutron interaction with matter is gextigrlimited to scattering by nuclear
rather than electrical forces, and nuclear forecesrary short ranged, which are generally
on the order of I6° meters' Thus, matter appears less dense to neutronshain
electron interacting counterparts. Due to thisitross can penetrate much further into
matter and at much low energies. As an exampdeatienuation or decrease in intensity

of a beam of low-energy neutrons by aluminum isudlome percent per millimeter
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(1%/mm) compared with 99 percent or more per mélien (99+%/mm) for x-rays. The
high penetrating power of neutrons is actually sEagthat in most cases their energy
must be decreased so that they can be scattertbe lnyaterial and not damage or pass
straight through, and even then they are only wesdédttered by the material. This,
coupled with the fact that neutron sources arelatively low intensity as compared to
x-ray sources, lead to much longer run times (hwarsus seconds) when characterizing
a sample using neutrons versus x-rays. Thus, imyroases it can be useful to utilize

both techniques to fully characterize a given syste

4.1 Neutron Production

Unlike x-ray diffraction which can be done by aglenunit and is commonly available,
the production, distribution, and diffraction ofuteons generally requires an entire
facility. Those that exist are generally located@aernment laboratories or large
universities. All of these facilities generate tiens either with nuclear reactors or with
high energy particle accelerators. The neutrondyred have energies up to tens or
even hundreds of mega-electron volts (MeV). Upmupction, this high energy
involves wavelengths far too short for interactwith condensed matter and neutron
energies above a few electron volts can knock afoons their structural positions,
damaging the material. To be made useful, neutmars be “cooled” to decrease their
energy and increase their wavelength. This is dyneassing them through a
moderating material. This “moderator” must havarge scattering cross section, such
as liquid water, and is placed near the neutroncgouAs the neutrons enter the
moderator they go through a series of collisiorthwhe moderator atoms, gradually
losing energy, and being emitted as thermal neath@aving an average energy
determined by the temperature at which is mainthinghe moderator material through
external cooling. The average energy of neutrooms fa water moderator at ambient
temperatures is about 0.025 eV which correspondsaavelength of 0.18 nanometers,
which is of the same order as typical interatomstashces, making them suitable for

diffraction experiment§>
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Reactor Sources

In a nuclear reactor, neutrons are produced bipfissf the atoms of the reactor fuel.
These neutrons are emitted in a continuous, brpactisim, high energy stream. After
moderation, this spectrum must be made monochrortabe useful for most diffraction
experiments. Here, only neutrons in a single,avaenergy band are selected from the
spectrum. This selection is usually accomplistedugh Bragg reflection from a large
single crystal of a highly reflective material, bugs pyrolytic graphite, germanium, or
copper”® The incident neutron beam is reflected off of thestal monochromator at a
specific scattering anglef2 Since the planer spacing of the atom)sf the
monochromator is fixed, the scattering angle caadjested satisfying the Bragg
equation, which will be addressed further in sectdd, to transmit neutrons only of a
specific wavelength.

Spallation Sources

Spallation sources utilize particle acceleratorgrmuce spallation neutrons. Here, high-
energy charged particles (protons or electronsaecelerated to hundreds of MeVs and
directed into a heavy-metal target, such as tungsteiranium, freeing neutrons from the
nuclei of the target. Unlike the constant flowrfr@ reactor source, spallation neutrons
arrive in pulses. This avoids the need for a etystonochromator, and thus all neutrons

produced can be utilized after moderation.
What allows the use of all neutrons from a spaltasource is the measurement of the
time it takes for each detected neutron to travérsalistance between the moderator and

the detector. Using this time of flight methods teutron velocity can be determined,
and knowing its velocity, its wavelength can beedetined using Eq 23,

—=mv Eq 23
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Whereh is Planck’s constant is the mass of the neutron (1.67495%1Kilograms) k is
the neutron’s wave vector whose magnituderig Bointing along its trajectory, andis

the neutron’s velocity vector.

A thermal neutron with an energy of 25 meV haslaaity of about 2.2 km/&° and a
typical neutron spectrometer is roughly 10 meteng lleading to a travel time of about 5
milliseconds. With the each neutron pulse lastirigw tens of microseconds, the time of
flight of the neutrons can be determined with higlative precision.

4.2 Bragg Scattering

As was previously mentioned, neutrons are unchagpgetitles and thus have limited
interaction with electrons. This is the main reaBw the great penetration depth of
neutrons into most materials, as interaction issdepnt on nuclear forces and atomic
nuclei make up only a very small portion of theatatolume of matter. This nuclear
interaction is in the form of neutron scatteringnfrthe nucleus, which can be either
coherent or incoherent. With incoherent scattegiach incident neutron wave has a
random, or indeterminate, relative phase and adespiendently with each nucleus in the
sample, so that the scattered waves from differaalei do not interfere. Instead the
intensities from each scattering event just addngbcan provide information on atomic
diffusion.

With coherent scattering the incident neutron wiateracts with all the nuclei in the
material in a coordinated fashion. The scatterades from all the nuclei have definite
relative phases as the neutron wave can interalcttiae¢ whole sample as a unit so the
scattered waves from different nuclei interferédwatach. This scattering depends on the

relative atomic distances and thus gives infornmagibout the structure of the material.

The simplest type of coherent neutron scatterirdiffeaction or Bragg scattering.
Imagine a crystalline solid where atoms are arrdragdixed positions on a lattice and a

beam of neutrons is incident on that lattice. Wagine that this lattice is far enough
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removed from the source that all neutrons moveasalfel paths and have the same
velocity. The atomic nuclei are assumed to bedfixed there is no change in the
neutron’s energy during scattering. As the inctdeave contacts each atom, that atomic
site becomes the center of a scattered sphericad @@anating from that site having a
definite phase relative to all other scattered wavEhis circular wave spreads outward

overlapping other spherical waves.

/) r/';

." l,—-

o
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O

Figure 22. The creation of spherical wave fields lough atomic interaction with incident waves

As the spherical waves interact they will interfazausing places where they reinforce

one another and other places where they cancel out.

Figure 23. Bragg scattering: a.) constructive intderence b.) destructive interference
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Globally these waves will only reinforce each otimeparticular directions, and this will
be observed as scattered neutron waves traveliwglirdefined directions which are
closely related to the symmetry and spacing (kttaf the scattering sites. This
relationship is used to deduce both the symmetdyadmmic distances of the lattice. This
entire process is called diffraction and is govdrhg Bragg's law, Eq 24, the same law

used for x-rays.

ni = 2d siry Eq 24

Heren is an integer} is the wavelengthg the atomic spacing arttlis the angle of
reflection which is one half of the scattering ang. For simplification, Bragg’s law is
generally described in terms of the path-lengtfed#éince of neutrons waves interacting
with the lattice.

4.3 SMARTS

The Spectrometer for Materials Research at Temperaind Stress (SMARTS) is a
third-generation neutron diffractometer optimized the study of engineering materials.
Its development was funded by DOE and came onfirteé summer of 200%. This
spectrometer is fed by a spallation neutron soatt¢ke Manuel Lujan, Jr. Neutron
Scattering Center at the Los Alamos Neutron Sci€ager (LANSCE), which directs
twenty 800-MeV bursts of protons per second intorgsten target to produce spallation
neutrons.’

SMARTS provides an wide range of capabilities todging polycrystalline materials
focusing on the measurement of deformation undessiand extreme temperature, and
the measurement of spatially resolved strain fielth® underlying technique is neutron
diffraction, which has been used to study engimgesiructural materials since the early
1980s.

With an extensive array of in situ capabilities $ample environments, it enables
measurements on small (1 Mror large (1 i) samples. Components with dimensions
up to 1 m and up to 1,500 kg can be positionediggbcin the beam. Permanently
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mounted alignment theodolites provide a simpleeffidient way to position samples or
equipment to within 0.01 mm. The furnace and lvathe allows research on materials
under extreme loads (250 KN) and at extreme temyre®(1,500°C). In situ uniaxial
loading on samples up to 1 cm in diameter at steeef2 GPa and with lower stresses at
temperatures up to 1,500°C are comrion.

4.4 Time of Flight Method

SMARTS at LANL relies on the time of flight methéal measure the energies of the
neutrons in the incoming pulsed beam. Since ttusrming beam contains neutrons of
multiple energies the beam vector can remain fixgl respect to the sample as these
multiple neutron energies translate to the beanmigawultiple incident neutron
wavelengths. Figure 24 shows a schematic of tfiediion chamber at SMARTS.

k: quent wave vector Incident Neutron
k', diffracted wave vector Beam
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Figure 24. Schematic of the SMARTS facility at LANEE
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Here the blue vectderepresents the incoming neutron beam, manifestedpallse of
neutrons from the spallation source. Again, thikse contains neutrons having a range
of velocities which translates into neutrons ofywag energies as shown by Eq 25 and Eq
26

V=— Eq 25

Herev is the velocity.L is the length or distance traveled from the sotwdbe detector,
andt is the “time of flight” needed to cover that diste,L.

:lmv2 Eq 26
2

HereE is the neutron energy amdlis its mass, 1.6749286 x 1tkg.*® The neutron
energy can be used to calculate its wavelerigtising Eq 27.

A=— Eq 27

Hereh is Planck’s constant, 4.1456692 x'¥@V -s. This range of wavelengths in the
pulsed neutron beam results in a full diffracti@ttern across theta without the need to

rotate the sample with respect to the neutron beam.
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5. Electrochemical Metal Deposition

Electrochemical deposition of metals and alloyolags the reduction of metal ions from
agueous, organic, and fused-salt electrolytes.e lttex focus will remain on aqueous
solutions only. The reduction of metal ion$'Nh aqueous solution is represented by Eq
28.

IV|Z+in solutiont Z€ — Mattice Eq 28

This can be accomplished via two different procgsge an electrodeposition process in
which z electrons (gare provided by an external power supply or (Rekectroless
(autocatalytic) deposition process in which a reéagi@agent in the solution is the electron
source and there is no external power supply iraIvThese two processes,
electrodeposition and electroless deposition, domstelectrochemical deposition and

will be addressed in the following two sections.

5.1 Electrochemistry and Electrode Potential

When a metaM is immersed in an aqueous solution containing afribat metalM**
there will be an exchange of metal ions betweersthation and the metal. Sorivgé”

ions from the crystal lattice enter the solutiomd &ome ions from solution enter the
crystal lattice. Initially one of these will occtaster than the other. Let us assume that
conditions are such that mdw" ions leave than enter the crystal lattice. Is tdse,
there is an excess of electrons in the metal aachjtires a negative chargg, (charge

on the metal per unit area). In response to thegihg of the metal side of the interface,
there is also a rearrangement of charges on théi@okide. The negative charge on the
metal attracts the positively chargéd” ions from the solution and repels negatively
charged ions. The result is an excess of podii/dons in the solution in the vicinity of
the metal/solution interface. At the same time,gblution side of the interface acquires
opposite and equal chargg; (the charge per unit area on the solution sideef
interface). This positive charge on the solutime slows down the rate 8" ions

leaving the crystal lattice (due to repulsion) aedelerates the rate of ions entering the
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crystal lattice. After a certain period of timeynamic equilibrium between the metal M

and its ions in the solution will result accordilmgeq 29,

M**+ zee— R Eq 29

werezis the number of electrons involved in the reactitn this reaction taken from left
to right, electrons are consumed through the regluctf the metal ions. From right to
left, electrons are released through the oxidatfdv®. Again, equilibrium occurs when
the rate at which both of these mechanisms ocaengusl. When this is true, the charge

on the metaldy,) is equal to the charge of the solutiegs) at the interface.

Before and while this equilibrium is being reachingre exists a potential difference
between that of the metal and the solution. Ireotd measure the potential difference of
this interphase, it must be connected to anotherfaming an electrochemical cell. The

potential difference can then be measured acreserttire cell.

Electrochemical deposition takes advantage of dmequilibrium transfer of ions to and
from the solution. In the nonequilibrium staterthis a steady state of ions either being
deposited or dissolved from any electrode in cdntatt the electrolyte solution. During
electroplating an external power source, commoalled a rectifier, is connected
between two electrodes both of which are in contattt the electrolyte, and the applied
voltage maintains a constant state of nonequilibraausing constant deposition at the
cathode. In electroless plating, the state of gaii@rium is simply prolonged by
complexing agents which bind metal ions allowingdontrolled deposition of the plated
species from a relatively concentrated electrolyte.

5.2 Electroless Plating

Electroless (autocatalytic) plating involves the 0$ a chemical reducing agent to reduce
chelated metal ions at the solution/substratefexterforming a uniform deposition upon
the surface. This process can be done for sedigf@lent metals and alloys including:
Cu, Ni, Co, Pd, Pt, Au, Cr and a variety of allaygolving one or more of these
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constituents plus P or 8. This process is deemed “electroless” due toabk of a need
for external electrodes or a power supply. Thedgowever a transfer of electrons from

the reducing agent to the metal ion according t@&q

catalytic
M+ Red e IS gy ox
surfact Eq 30
WhereOx s the oxidation product of the reducing ag&gdandM is the metal plated.
According to mixed-potential theory, the overathcgon given by Eq 30 can be

decomposed into one reduction (cathodic) reaction,

ME* + ; duci tcatalytic 0
ze (from reducing agenty——
( gag )surfam Eq 31
and one oxidation (anodic) reaction.
catalytic N
— Ox +ze
surfact Eq 32

These two partial reactions occur at one and theesgdectrode, the metal-solution
interface. In order for electroless depositioptoceed, the equilibrium (rest) potential

of the reducing agent must be more negative thainofithe metal being plated.

However, Eq 30 can only occur only on a catalytidace?® Once the initial layer is
deposited, the metallic layer itself acts as thalghc surface, allowing for the process to
continue. For most non-catalytic substratesjnmatan be done, but only after some

surface preparation rendering them catalyticaltwac

Surface Preparation

As previously mentioned, electroless plating maketplace on a catalytic surface.
Various metals exhibit catalytic properties usé@futhemical plating, including the
precious metals Au, Ag, and members of the platimustal family. Electroless plating
can also occur on certain less noble metals su€loasli, Cu and F&but these metals

are not truly catalytic. When attempting to plataetal onto a less noble one, an
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exchange of charges occurs at the surface. Téudtsen a layer of the more noble metal
being deposited, which acts as the catalyst onlwliectroless plating then occifs.

All other substrates, especially nonconductorsjiregsome surface preparation prior to
plating. This generally involves the depositioraafatalyzing metal onto its surface at
which point the material is activated. Palladishgéenerally the best choice for
activation of non-conductive substrates. The foifgy sections give detailed examples

of activation methods.

Surface Roughness

Most activation methods rely on some degree of meichal adsorption. Thus the degree
of activation can be increased with increasingas@farea. This technique is generally
not needed when plating onto metals, but is comwizegn plating nonconducting
material. A common method of increasing surfaeaas by increasing the surface
roughness of the substrate. This can be donethrenechanical (sanding sandblasting)
or chemical (etching) means, although chemicatrmneats are usually preferred.
Chemical methods not only roughen the surface tirdhe creation of fine pits, but they
can also modify surface functionalities, which cfam,instance, convert a hydrophobic
(nonpolar, water-repelling) to a hydrophilic (pglerater compatible) surface. Some

example chemical baths for use with nonconductisigrpers can be found in Table.

Table 7. Example chemical surface roughening baths

1. CrG; 75 g/l
H,SOy 250 ml/I

2. Ko,CrOy 90 g/|
H,SOy 600 ml/I

3. CrOs 50 g/l
H.SOy 100 ml/l
HF 100 ml/l

These solutions are used for 1 to 5 min, at 2&36r as required to produce the desired
hydrophilic surface, interlocking etch areas, andfemical bonding sites.
Underexposure results in incomplete activationilegtb skip plating. Overexposure
generally results in physical and chemical degradaif the surface, giving poor

adhesion. In both cases peeling and blisteringocaar.
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Plasma techniques can also be used to alter tfecewharacteristics of polymeric

substrates, and have the advantage of not produaste, which must be disposeddf.

In the case of plating onto ceramic or semicondscthese chemical roughening baths

are generally not required.

Cleaning

Any substrate to be plated must first be thoroughtaned. As most activation methods

rely on adsorption, it is important to have a clsarface so that the plated layer will be

adhered to the substrate and not simply to contatinimfound on its surface. Residues

from cleaners and deoxidizers may create inacpetssthat will not initiate electroless

deposition. This may result in the necessity teehathicker deposit before continuity is

achieved. This step is extremely substrate depénded may need to be tailored around

substrate stability. An example set of cleaningstean be found in Table®8.

Table 8. Example cleaning steps

Purpose Constituents notes time, mirfC
Cleaning ultrasonically cleaned in - rinse when done
5 room
an ethyl-alcohol bath
Alkaline - 100mI DI water - stir until NaOH is dissolved
Cleaning - 4.0g NaOH 97% - bring to temperature
. 15 65-70
- pour over powder and stir
- Dl rinse when done
Acid Cleaning - 75ml DI water - stir and bring to temperature
- 25ml HCI 36.5-38% - pour over powder and stir 15 30-35
- DI rinse when done

The use of each and every cleaning step may neatyallwe necessary, but is

recommended. This is dependent on the cleanlofes® substrate and its chemistry.

Sensitizing/Activation Catalysis

Sensitizing and activation (S/A) involve the apation of a catalytic metal to a non-

catalytic surface. As implied by the name, thiwirnes two steps. The first step,

sensitizing, consists of adsorbing a readily oxadimaterial onto the surface to be plated.

Solutions containing tin(Il) or titanium(lll) saleand small amount of acid are commonly
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used. The addition of acid inhibits hydrolyzatidrttee metal salts, which leads to the
formation of insoluble oxychlorides. In the case of Sn, the amount of Sn on the seirfac
of the sensitized substrate is abouag/@nt, and surface coverage is less than 25%.
This Sn is in the form of dense clumps about 10R25msize, consisting of particles on
the order of 2.5nm° Immersion in the sensitizing bath is normally dan@@-30°C for

1-3 min>® Agitation can improve results, especially wheatipg complicated shapes.
After this step, pieces must be thoroughly rinseddragin of the sensitizer will destroy
the activation bath® Avoid drying in air after this step, as the adsatl$* can form

SnO at the surface.

It is during the activation step that the surfacéytbecomes catalytic. The most

effective activation solutions contain precious ahsglts, such as gold, silver, or the
platinum group metals (Au, Pt, Rh, Os, Ag), alorithsmall additions of acidf: Here,

the acid stabilizes the bath by both limiting tlmegipitation of Pd particles and
decreasing the reduction rate. Activation batlesused at 20-4&, with immersion

times of 1-2 mirt> When the sensitized piece comes in contact witathivation

solution, the adsorbed sensitizer is readily oxadjzhereby reducing the activating metal
and depositing it in the metallic state forming leation centers on the surface, according

to the example in Eq 33.

Pt + S — st + Pd Eq 33

It is estimated that these catalytic nucleatiorteanare less than 1nm in diameter, and
their height is ~ 4nm. As an example, the amofiftcoon a glass substrate is generally
0.04-0.0%ig/cnt, which assuming uniform distribution corresponaisaughly 0.3 of a
monolayer of Pd® The surface density of catalytic sites is substmaaterial dependent.
For glass this is roughly {bsites/cm.>?

Thorough rinsing should also follow the activatgiep, as dragin of precious metal salts
will cause spontaneous seeding and breakdown of pierting baths. An example S/A

recipe can be found in Table 9.
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Table 9. Example sensitizing and activation recipe

Purpose Constituents notes time, mirfC

Sensitizing - 120ml DI water - stir and bring to temperature

- 3.0g SnGIe2H,0 98.2% | - pour over powder and stir

- 5ml HCI - do not allow undissolved
SnC) to be transferred

- DI rinse when done, 3x

- Avoid drying

1-3 25-30

Activating - 125ml DI water - stir and bring to temperature

- 0.03g PdCGI199.9+% - pour over powder and stir

- 0.063ml HCI (~2 drops) - do not allow undissolved
PdC} to be transferred 1-2 40-45

- DI rinse when done, 3x

- rinse once in ethyl-alcohol

- allow to dry in air

If, as sometimes is the case, a given metal casdeced by the sensitizing ion, then it
may not be necessary to utilize an activation b#tktead, the substrate is immersed in
the electroless bath immediately after sensitiaingd rinsing. An example system,
where this is the case, is electroless Cu or Agwdsing a Sn(ll) based sensitization
bath?®

Colloidal Catalysis

This method is an alternative to sensitization actit/ation catalysis, utilizing a mixed
colloidal catalyst. The colloid particles contairtore of reduced, metallic Pd, also
containing a small amount of Sn metal. This cersurrounded by a stabilizing layer of
Sn? and Sii* ions?*® *?which attract dissolved chloride when in solutid®article

diameter can range from 2.5-35nm, and is desctiyeeigure 25°
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Figure 25. Colloidal activation-Pd cluster envelopa by tin ions

Table 10 contains a recipe for a Sn/Pd colloidtsmiufound by the author to catalyze a
wide variety of plastic, ceramic and metallic suds for electroless plating of Cu and

Au. ltis very stable and can be stored for lorgiquls without deterioratior.

Table 10. Recipe for a Sn/Pd colloidal catalyzingotution

Purpose Constituents notes Time, °C
min
Solution A - 1.49 NaSnG;*3H,0 - stir until all solids are
- provides - 9.69 SNCI2H,0 98.2%| dissolved i i
excess Sn ior] - 40ml HCI 15-20 | 15-2(
for stability
Solution B - 0.2g PdCG1 99.9+% - combine PdCI2, HCL, and
- formation of| - 20ml HCI water
colloid - 40ml DI water - stir until all solids are
particles dissolved (10-15 min) an.
- 0.4g SnGI2H,0 98.2% | - add SnGl and stir for 12 min, See notes40-45
the color will change from
and an initial dark green to
dark olive brown
Mixing - pour solution B into A while quickly | N/A
stirring
Activation - cover
- heat to 57C for 3 hrs 50-65 | 180
Dilution - can be diluted down to 15v%
provided HCI makes up 10- N/A
20v% of the final volume
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After mixing, the combination of solutions A and€Ba concentrated solution containing
roughly 58w% concentrated (37%) hydrochloric acid 82w% water with the balance
being Pd and Sn salts. It is immediately readyg®, but is made more aggressive by
heating it to 50-6%C, for three hours!

An important variable in the preparation procedwieich affects the nature of the
resulting colloid, is the length of time during whithe stannous chloride is allowed to
react with the palladium chloride in solution Bfdre it is combined with the balance of
stannous chloride in solution A. This reaction tinas a significant effect on the final
particle size, size distribution and shape in g=ulting colloid®* Due to this, solution B
must be stirred for exactly 12 min as times less thO minutes lead to marginal catalysis

ability of the solution and times greater than lidutes lead to solution instability.

If the area to be plated requires high resolut®mahe case of printed circuit boards, the
prepared colloidal solution should be diluted 1lifthvidl water and with sufficient
additional concentrated HCI to comprise 20-30v%heffinal volume. For ordinary
surface plating, the catalyzing solution should pase 15v% prepared colloid, 10-20v%
concentrated HCI, and the balance DI water.

Regardless of concentration, the substrate is ire@aein or contacted with the activation
solution for a minimum of 1 min at room temperatutégpon contact with the substrate,
the colloidal particles adhere to the surface, fogtatalytic nucleation sites.

Following contact with the catalyzing solution, thébstrate shall be thoroughly rinsed in
DI water before immersion into a chemical platireghb If the substrate is not to be
immediately plated, it can be rinsed in alcoholedrand plated later.

After the catalytic solution is rinsed away, thaimotin no longer plays a role, and can in
fact bury the Pd core and detract from its catalgtitivity>® In cases where the metal
to be plated cannot be reduced by the Sn (ll)aoracceleration step is required to
remove the excess tin ions and expose the cat&gtsurface. Some accelerating
solutions include 1 M HCI, 1 M NaOH, 1 M NH4BF4AMLNH4HF2, 0.13 M EDTA at
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pH 11.7, and 0.13 M EDTA at pH 4.5. Substratesughbe immersed for a minimum of

1 minute followed by thorough rinsing in DI wafér.

Colloidal vs. Sensitizing/Activation Catalysis

In practical applications the mixed colloidal teology seems to be preferred. The
reasons for this are as follows:
» It exhibits more reproducibility than the separ@rePd (S/A) technology
» After activation the Pd layer is clearly visibleoiNso for the S/A process.
* Mixed colloidal solutions are stable and do notikitlageing effects as do
Sn solutions.
* Mixed colloidal solutions are rather resistantrtgourities.
» Surface preparation is far less critical than e¢hse of Sn based

solutions.

For the separate S/A process, other than being,céeafaces must also be hydrophilic in
order to be efficiently wetted by the sensitizimgusion. However, despite the above-
mentioned advantages of the mixed colloidal teabgybver the S/A process, the initial
nucleation site density achieved by the latter meitls up to an order of magnitude
greater than that obtained using the colloidal methThis means that a continuous film
can be obtained at a smaller plating thicknesgratical terms this translates into the
following advantages:

* Less metal is needed to render the surface comgucti

» Better adhesion due to a higher density of fastesites.

* Potential in the development of products where tieiry coatings are

required.

Electroless Plating of Copper

Typical electroless copper solutions comprise degthwater, a source of copper ions, a
complexing agent for copper ions, a pH regulatoedacing agent, and a bath stabilizing

agent. Plating is usually performed between 3W%86 Most commercial baths utilize
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formaldehyde (HCHO) under basic conditions as ¢ueicing agent, thus only baths of
this type will be addressed here. In this casgtedless Cu plating is a result of the
reaction given in Eq 34.

talyti
catalytic

= CU+ 2HCOO + 2H,0 + H,

CU'+ 2HCHO + 40H £q 34

lons of C§* are generally added as Cu salts, such as GuSBhalides, nitrates, acetates
and other organic and inorganic acid salts of Cy beaused’ Since the solubility of

CU** decreases with increasing piHgomplexing (chelating) agents are also commonly
added to the plating bath to avoid the precipitatibcopper(ll)hydroxide (Cu(OH).*®
These ligands form co-ordinate bonds with thé*@ens allowing them to stay in
solution. Complexing agents are usually organidsaor their salts, such as EDTA,
EDTP, and tartaric acitf: *®

Basic conditions are generally realized throughattdition of NaOH, elevating the pH to
12-13, where the plating rate reaches a maximtuformic acid (HCOQ is the

oxidation product of the reducing agent, formaldi#R/ Evolved H gas and excess
H,O are formed as byproducts of the reaction, witf I&ing left behind as a plated film

on the catalytic surface.

Electroless Plating of Nickel

Typical electroless nickel solutions, like coppmamprise deionized water, a source of
nickel ions, a complexing agent for the nickel icausd a reducing agent. Plating is
usually performed between 50-f@0an at pH values from about 4 to*f1Four

reducing agents are generally utilized in nicket#bless plating: sodium hypophosphite
(NaHPO,-H,0), sodium borohydride (NaB§f Dimethylamine borane ((GHNHBHs3),
and hydrazine (DHs-H-0)>° These are all structurally similar in that eaohtains two

or more reactive hydrogen atoms, and nickel rednas said to result from the catalytic

dehydrogenation of the reducing agent. Only begtdsced using hypophosphite will be
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addressed here. In this case, electroless Nnpla&ia result of the reaction given in Eq
35.

NiZ*+ 2HPO; + 2H,0 S2BVIC N4 5P, + 2H + H,
surfact Eq 35

lons of Nf* are generally added as nickel sulfate (NjJS®ut chlorides and acetates may
be used® To increase the stability and controllabilitytbé plating bath, complexing
(chelating) agents are commonly added to buffepthgprevent precipitation of nickel
salts, and reduce the concentration of free niicked®® Complexing agents are usually
organic acids or their salts, but for alkaline jplgtbaths, as in this work, the

pyrophosphate and ammonium will be utilized.

Electroless Plated Metal Film Properties

The film may initially have bubbles especiallyhiet substrate is smooth. These are most
likely filled with H, and will dissipate within 2 hrs. The occurrentéhes tends to

increase with film thickness and is a sign of padinesion.

During electroless deposition hydrogen can be gmsi¢ed in atomic (H) as well as
molecular (H) form, however most tends to be molecular. Atmdemperature, or
through low temperature (100-28%) annealing, the molecular hydrogen diffuses éut o
the deposit, interstitially, via a dissociativeatan leading to increased ductilits.*
Some of this increased ductility is also due tactrral changes involving
recrystallization and grain growth in the electssléleposit. Low temperature
recrystallization and grain growth are commonlyeyled in copper films prepared by
other growth techniques such as vapor depositjmnttering and electrodepositich.

Poor ductility can also be caused by a high impurintent®

Plating temperature can also greatly affect te fifoperties. Plating is typically done
between 25 and 7C. In general a fine-grained structure is produatgdw

temperatures, while as temperature is increasegr#ie structure becomes coarser and
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hydrogen adsorption is decreased, leading to ingarauctility and increased electrical

conductivity®®
5.3 Electrodeposition

Electrodeposition, the process used in electrogjadind electroforming, is analogous to a
galvanic or electrochemical cell acting in reverBee part to be plated is the cathode of
the circuit, while the anode generally providessiofthe metal to be plated. Both of
these components are immersed into a solution icemgaone or more metal salts as well
as other ions that permit the flow of electricyrectifier supplies a direct current to the
cathode causing the metal ions in solution to tbee charge and plate out on the
cathode. In most cases the electrical current fliwsugh the circuit, the anode slowly
dissolves and replenishes the ions in the batbeas in Figure 24. Some electroplating
processes use a noble, nonconsumable anode. éndgitiggtions, ions of the metal to be

plated must be periodically replenished in the lzatlthe plate forms out of the solution.

Power Supply
/|
b
R
f\/\ Ammeter
\J
Voltmeter
Anode Cathode

Figure 26. Typical electrodeposition cell

Electrodeposition in the form of electroplating ahwes the coating of an electrically
conductive object with a layer of metal using dlieal current. Usually, the process is
used to deposit an adherent surface layer of al im@téng some desired property (e.g.,

abrasion and wear resistance, corrosion protedtibnicity, etc.) onto a substrate lacking
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that property. In the case of heavy plating, @l used to build up thickness on
undersized or worn parts. As electroforming, etet¢position can be utilized as a

means to create an entire part onto, or incorpayaé master.

Electroforming

Electroforming is a process that employs technokigylar to that used for conventional
electroplating, but which is used to manufactureattie articles, rather than as a means

of producing surface coatings. While electroforgnand electroplating differ in their
product, they are superficially identical and fumgatally similar in their technology and
execution. The work-piece, or master, is the adhorlhis is suspended in a tank or vat
of electrolyte. Metal anodes act as a sourceemfteins and in most cases are soluble and
replenish the metal content of the electrolyte.e Buits metal ion content, the electrolyte
is conductive and closes the electrical circuitckhs fed by a source of low voltage

direct current.

In many cases the master is a simple negativeeadi¢lsired part. Once the desired
thickness has been deposited, the electrofornperated from the master resulting in an
exact positive, accurate down to the 10’s of narterse This near exact reproduction led
to the use of electroforming as the primary mettwochanufacture masters for vinyl
records and even early phonographic cylinders.riister can also become incorporated

into the electroform as is the case in this work.

Electroforming of Composites

Electroforming of composites, also known as ocdugir composite plating, is an
alternate method to fabricate metal matrix compassithich does not require the high
temperatures and pressures involved in more toaditimethods, such as internal
oxidation, powder metallurgy, high pressure bondamy infiltration®* The resultant
composite material is termed an electrocompodtiectrocomposites have seen most of
their use in the abrasives industry where occluplating is used to incorporate carbides

or diamond chips into metal matrices to fabricdteaive bits and cutting blad®s.
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A variety of techniques can be used for the codiéipasof particles. Primarily particles
are kept in suspension by either mechanical (mtatistirrer) or chemical means
(surfactants). The optimum condition for prepanagticle suspensions and
codepositing a designated volume fraction of umifgrdispersed inert particles has not
been firmly established and tends to vary by ptptiath and cathode geometry. In the
literature however, particle diameters have rarfgad 0.02-100um, and quantities
dispersed in solution have varied from 50-200/lin general it is difficult to achieve a
high volume fraction with this method, especialty farge particle sizes. Here,
incorporation relies on weak electrophoretic formekold particles before ionic species,
adsorbed onto the particle, are reduced attachtoghe cathode at its point of contact.
From there sufficient metal has to be plated aradtedarticle sufficient to hold it in
place before electrolyte convection can knock iagf The high particulate loading

levels required in the electrolyte can often caxm®@amination in the bath.

5.4 Electrodeposition of Ni

Nickel electrodeposition is primarily performednggiacidic aqueous solutions of one or
a combination of three Ni salts, nickel sulfateN4), nickel chloride (NiCJ), and nickel
sulfamate (Ni(SENH,),). Boric acid (HBOg) is generally used as a pH buffer. A
surfactant is used to avoid pitting, and when nemgsorganic additives to tailor the

internal stress or surface finish of the deposit.

Nickel electrodeposition is a commercially impottand versatile surface finishing
process, and its applications fall into three ntaitegories: decorative, functional, and
electroforming. Decorative applications generailyolve the deposition of thin Ni

layers to offer the plated part the appearanc@wpsion resistance of Ni. Most modern
corrosion resistant Ni coatings actually consiginaitiple layers of Ni with a thin topcoat
of Cr. This combination is often used to protéee§ zinc, copper, aluminum, and many

other materials from corrosion for extended periofsme2°

There are many functional applications where ddmmras not the issue. Here, Ni and

its alloys are deposited on surfaces to not ordyease corrosion resistance, but also to
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improve wear resistance or to modify the magnatictber properties of the material
being plated. Of particular interest is the degere of the properties of
electrodeposited nickel on its plating conditions.

5.5 Nickel Electroforming

Today nickel is utilized in the largest number l&fotroforming applications because it is
strong, tough, resistant to corrosion, erosion,\aedr. Further, its mechanical properties
can be varied and controlled by: changing solutiemposition and operating conditions,
by alloying, and by incorporating particles ancefib within the electrodeposited nickel
matrix?® Electroforming is electroplating applied to theguction of metallic parts
without the need for high temperature processidgre, metal is deliberately
electrodeposited non-adherently, so that it caseparated from a mandrel or mold

which is usually a negative or reverse replicahefelectroformed part.

Nickel electroforming processes can reproduceduréaces with resolution into the
nanometer range due to the excellent microthrowimger of nickel-plating solutions.
This accuracy is commonly used in the productiostaimpers for pressing compact
audio discs and vinyl records. The combinatioelettroforming and modern
photolithographic techniques makes it possiblertalpce parts with extreme precision
and fineness of detail on a microscopic scale,aeuwtibsely controlling the mechanical

and physical properties of the metal.

Nickel Sulfamate Chemistry

All of the previously mentioned nickel salts canutidized in Ni electroforming, however
nickel sulfamate based solutions are popular fectebforming because of the low
internal stress of the deposits, the high ratefepbsition possible, and the improved
throwing power. Nickel sulfamate is similar to ket sulfate except that one of the
hydroxyl groups is replaced by and amido groupcasee of the high solubility of nickel
sulfamate, higher nickel metal concentration issgae than in other nickel electrolytes,
permitting higher plating rates. A small amounhafkel chloride is usually added to
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nickel sulfamate solution to minimize anode pasgi\niowever this is no longer an issue
if sulfur-containing nickel anode materials suctSaounds in place of pure electrolytic
nickel. Prolonged use of sulfamate solution atteratures above 70 and/or at a pH of
less than 3.0 can hydrolyze the nickel sulfamatbédess soluble form of nickel
ammonium sulfate. This is undesirable as the anumoad sulfate ions increase the
internal tensile stress and hardness of the nodebsits, and there is no “simple” way to

remove ammonium ions from sulfamate solutions.

Throwing Power and Leveling

The throwing power of a plating bath is the degreerhich the bath is able to deposit
metal evenly on to the mandrel or substrate belag@. The amount of metal deposited
onto a substrate is dictated by the density oftetefield lines that intersect the surface
of the substrate. Sharp features and cornerseomémndrel or substrate tend to
concentrate the field lines leading to increasethhteposition on these features. This
also holds true for features extending from thestale, which place them closer to the
anode. This decreased distance leads to decrekesxtdcal resistance between the
feature and the anode, but it also puts the prioindsirther into the Ni solution where Ni
ions are more plentiful, leading to increased magglosition at that site. In
electroforming this second mechanism is espeaialportant as defects tend to magnify
with time during electrodeposition. Any small prtation will be preferentially plated
upon eventually forming a nodule and in extremeesasmulti-armed dendrite as its

increased height further drives its growth.

These effects are especially prevalent in electnoifog due to the long plating times and
high current densities involved. To combat thigamic leveling agents can be employed,
such as 2-butyne 1,4-diol, however these genesatiyas microlevelers acting mostly
inducing a smooth polished look on the depositre@aust also be taken when using
these compounds as their breakdown products leadreased internal stress in the
deposit, but this can be remedied by carbon fitirat A more common method to
minimize roughness and protrusions during electroiog is the use of periodic reverse
plating. Here the polarity of the applied currenperiodically reversed, as the name
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implies, but also increased to as much as twicedhihe forward current. Here the same
factors working to create the nodules in the fodmirection are used to preferentially
erode away the nodules as they act as current stvatien points. This is driven further
by the fact that the current in the reverse dicecis greater than the forward direction.
This technique is especially useful when electmoiag composites as the co-deposited

particles act as nodule initiators significantlgrn@asing surface roughness.

Quality Control

Controlling the composition of the plating bathoige of the most important factors
contributing to the quality of electrodepositedkalc At the outset, the bath must be
prepared to the specified composition, adjustatieqroper pH, and purified before use.
Thereafter the composition and pH of the solutiarstibe controlled within specified
limits, and contamination by metallic, organic, ajaseous substances must be
prevented.

The pH of the nickel plating solution will rise dog normal operation of the bath
requiring regular additions of acid to maintain gt¢ within prescribed limits. In Ni
sulfamate baths, sulfamic acid is added to compirbl The operation temperature also
has a significant effect on the properties of tapasit. In general, most sulfamate baths
are operated within £70°C. Since current density determines the rate pbsi¢ion,

this is generally maximized, and increases in teatpee allow for increases in current

density without increasing the internal streshmdeposit.

Impurities can greatly influence the behavior & fHating bath and the properties of the
deposit. Organic impurities can be removed byaafitration. Metallic impurities are
removed by dummy plating at very low current deesit Each impurity metal is
preferentially plated out at a different currentsiéy, thus corrugated cathodes are
commonly used to induce widely varying current dggss across its surface. Dust and
other particulate impurities are generally miningizerough constant filtration of the
bath, however for obvious reasons, this is impecattvhen depositing particulate

reinforced composites. Some impurities cannoebsoved from the plating bath. When
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a sulfamate bath is contaminated with ions sudma®onia, there is no practical

separation method and the entire bath must beagghla
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Chapter Three- Experimental Procedure

Several different techniques were utilized in thlerfcation and evaluation of the
ferroelectric reinforced metal matrix compositeR{MMCs) studied in this work. This
chapter will attempt to describe and discuss irtldepch of these techniques in a manner

which would allow the reader to recreate them liab@ratory setting.

1. Materials Selection

In this work, two model systems were chosen, bgdrmonze (Cu-10w%Sn)-BaTiand
Ni-BaTiOs. In both, the high damping properties of Ba Il be lent to a structural

matrix.

1.1 Barium Titanate Reinforcement

Here, BaTiQ was selected based on having a distinct ferra@tetct-paraelectric phase
transition at its Curie temperatur:]. Upon heating throughc, the ferroelastic domain
structure abruptly disappears, acting as a switatirig off the ferroelastic damping
mechanism. This abrupt change in behavior allawstfe quantification of damping
effects due to domain motion versus other mechaniarthe composite system. Barium

titanate (BaTiQ) is also relatively thermo-dynamically stable cargnl to other
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ferroelectric materials. Many of the current Plsdzhferroelectric ceramics (PZT, PLZT,
PMN, etc.) are unstable in contact with most strratmetals, such as Fe, Ni, Al, and
Cu-Sn bronze, at temperatures above®’@0as manifested by excessive reactions
between the metal matrix and the reinforcementTiBais also unstable in contact with
Fe, Ni, and Al at high temperature, however rematable while co-processed with Cu-

based alloys. Selected properties of ceramic BaJ#De shown in Table Z%*

1.2 Bearing Bronze (Cu-10w%Sn) Matrix

Copper was initially selected as the matrix matehie to its thermo-dynamic
compatibility with BaTiQ. Elemental Cu can be sintered at ~900-2056 ®® This is
much lower than for other structural metals sucNiagi, Fe and Mo. Cu is also much
less reactive than structural metals having a lawelting point such as Al and Mg. To
further reduce the sintering temperature an alfo§w 10 w% Sn (bearing bronze) was
finally selected for the matrix metal. This allogn be liquid phase sintered at 32@&nd
is resistant to oxidation leading to greater eadab handling.

Selected properties of annealed Cu- 10w% Sn brareshown in Table %.

1.3 Electroformed Sulfamate Nickel Matrix

Electroforming was selected as a near room temer&brication technique, needed to
avoid the excessive reactions between BgBtQhe elevated processing temperatures
associated with most structural metals. Nickel alassen as a matrix metal as it is the
most commonly electroformed metal whose behaviarel understood. Nickel
sulfamate solutions are popular for electroforntiegause of their ability to produce
deposits having low internal stress and utilizenhrigtes of deposition, while generally
exhibiting increased throwing power over Watts picsolutions. Also, nickel represents

a major structural material especially in advanstedctural applications.
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Sulfamate Ni solutions generally contain 300-430af/nickel sulfamate (Ni(SENH>),)
as the primary source of Ni ions, while this caneed 650g/L for the most concentrated
solutions. Nickel chloride (NiG) is also commonly added at 0-30g/L which besides
providing additional Ni ions can increase bath agiyity and limit anode passivity
during plating. The pH is maintained at 3.5-5.@wthe use of boric acid @BOs) as a
buffer, and anionic surfactants are added to prtenegtuced hydrogen from adhering to
the cathode and creating pits in the deposit. Batiperatures can range fronf-Z8°C,
with increasing temperature and decreasing cudemnsity leading to decreased internal
stress in the deposit. Selected properties ofrefecmed sulfamate Ni are shown in

Table 625 27

2. Barium Titanate Reinforcement Fabrication

As previously mentioned, the presence of largengrand domains tends to increase
twinning in ferroelastic materials. Current commakmethods used to produce BafiO
powders however, generally result in a fine grainciure. These fine grained powders
cannot be simply heat-treated as sintering/necgfrie powder will result at the
temperatures required for grain growth. To fabeaapowder of ~35um, large grained,

reinforcement particles, monolithic large graineatenial must be ground and sieved.

BaTiO; powder with a particle size (diameter) rangingrfrd5 - 4um (-325 +500 mesh)
was prepared by the crushing and sieving of as<ekeld bulk 3 - 12 mm pieces of
99.99% purity (Sigma-Aldrich, St. Louis, MO). Thalk pieces were initially crushed to
a ~1lmm size, 3 ml at a time using a mortar andge3ithe BaTiQ was then poured in 3
ml increments over a stack of successively finevess including -120, -200, -325, and -
500 mesh sizes. The sieves were shaken and raadefthes were collected at the
bottom. To prevent overfilling and clogging of timesh, the stack was periodically
emptied and cleaned, and the powders caught byreash were extracted. Once all of
the initial BaTiQ had been passed through the top sieve in the, stetksieve was
removed, and material that had not passed thrcwggkdcond sieve was re-crushed. The
re-crushed powder was then passed through the asao&fore and the process was

repeated until only the -500 mesh sieve remairfgdhis point, all of the powder that
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had not passed through as fines was collectedadtthen mixed 3 ml at a time with
ethyl-alcohol and again passed wet over the -50¢hmsve. The alcohol served to
break up agglomerations of fines that would othsewiot pass, allowing for the further
elimination of fines. This wet sieving was repektieree times and the powder was
oven-dried at 11%. The Horiba LA-700 particle size analyzer wasdi® confirm the
30 - 44um (-325 +500mesh) powder particle size. Here,@pprately 1 gram of barium
titanate powder was dispersed in deionized watdrsaspended by the flow of water
through a loop, while laser scattering was useghtdyze the particle size distribution of

barium titanate particles yielding a median diamefe35.475um.
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3. Sintered Bronze-BaTiQ FR-MMCs
3.1 Bronze Matrix Preparation

To produce the bearing bronze powder mixture, 1825h Cu powder of 99.9% purity
(Atlantic Equipment Engineers, Bergenfield, NJ) viest reduced in bifor 30min at
250°C. The Cu powder was then blended with -325 mesbf99.9% purity (Atlantic
Equipment Engineers, Bergenfield, NJ) powder iaranjill for 2 hours under argon.
After blending, the powder mixture was maintainec iglove box under argon

atmosphere.

3.2 Electroless Copper Plating

In order to improve the quality of the matrix-rendement (M/R) interface, the
reinforcement particles were electrolessly platéthi Wu. Copper was chosen due to its
compatibility with the bronze matrix. The present&n in the bronze alloy serves to
strengthen the M/R interface through interdiffuséord solid solution formation with the
electrolessly plated Cu surrounding the reinforcetmélot only does a Cu layer
strengthen the M/R bond, but it also decreasearti@unt of porosity which had formerly
agglomerated at the interface due to the lack afaldity of the reinforcement powder

by the matrix materid.

The BaTiQ reinforcement powder was electrolessly plated pyogess outlined in Table
11. Here, all of the solutions were prepared iBro0Pyrex beakers and the bath
temperature was maintained using a hotplate eqdipite a temperature probe and
controller. Between each step, the material wased using deionized (DI) water. In
doing this, most of the solution was first siphoa@dhy and replaced with DI water,
completely submersing the material being platede mixture is then stirred for 5
seconds and the liquid is again siphoned awaywdd¢r is again added, and this process
is repeated three times.

This recipe remained stable in contact with, and sufficient to plate, 4,000¢nof
surface area at a rate of ~ 4um/hr.
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Purpose Constituents notes time, min °C
Cleaning ultrasonically cleaned in - rinse when done
5 room
an ethyl-alcohol bath
Alkaline - 100mI DI water - stir until NaOH is dissolved
Cleaning - 4.0g NaOH 97% - bring to temperature
. 15 65-70
- pour over powder and stir
- DI rinse when done
Acid Cleaning - 75ml DI water - stir and bring to temperature
- 25ml HCI 36.5-38% - pour over powder and stir 15 30-35
- DI rinse when done
Sensitizing - 120ml DI water - stir and bring to temperature
- 3.0g SnCie2H,0 98.2% | - pour over powder and stir
- 5ml HCI - do not allow undissolved 10 25-30
SnC) to be transferred
- DI rinse when done
Activating - 125ml DI water - stir and bring to temperature
- 0.03g PdCGI199.9+% - pour over powder and stir
- 0.063ml HCI (2 drops) | - do not allow undissolved
PdC} to be transferred 25 40-45
- DI rinse when done
- rinse once in ethyl-alcohol
- allow to dry in air
Plating 1 - 30ml DI water - stir until NaOH is dissolved until
- adjusts pH| - 4.0g NaOH dissolved 0%
Plating 2 - 80ml DI water - stir vigorously
- provides |- 1.25g CuS@5H,0 - slowly add plating solution 1
Cuions 98+% until solution 2 becomes
- 7.59 EDTA 99.0-101.0% d_eep blue, pH ~9.0 to temp 40
- bring to temp
- slowly add additional plating
solution 1 until solution 2
becomes light blue, pH ~12.5
Plating 3 - 2.5mI HCOH 37w% in | - put Pyridine on the lip of the
- reduces H.O (10-15% methanol) | beaker containing HCOH
Cuions - 0.002ml Pyridine 99+% - slowly pour HCOH into
solution 2, running the last | ~4um/hr| 50

of it over the Pyridine
- add material to be plated
- bring to temperature

The surface area of the BaGifowder was first estimated to be 2,734knbased on the

median diameter of 35um and the assumption thgidhecles were spherical. A

Quantachrome Instruments gas sorption system veasubed to run a Brunauer,
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Emmett, and Teller (BET) surface analysis. Thislaes the flowing of an adsorbing
gas over a sample cooled with liquid nitrogen, asithg the amount of gas adsorbed to
determine surface aredhis test yielded a value of 2,960%g) which was in close
agreement with the earlier estimate of 2,73%gmThis enables the surface area of
crushed BaTi@powder prepared in the manner outlined in thiskworbe reasonably

estimated based on the median particle diameteaaptherical shape assumption.

3.3 Bronze-BaTi@Composite Fabrication

FR-MMCs were created using the bearing bronze méu-10 w% Sn) reinforced with
0, 15, 30, and 45 volume percent particulate BaTiThe appropriate amounts of each
powder (Cu, Sn, BaTi§) were combined and blended in a jar mill for 2 fsouThe Cu-
Sn-BaTiQ powder mixtures were then uniaxially pressed &t &®a into disc shaped
powder compacts roughly 3 mm in height with a 29 mrdiameter and liquid phase
sintered in argon at 820 for six minutes. The heating rate waSQ/nin, and the
cooling rate was TC/min between 820-30C. Below 306C, samples were furnace
cooled, which has been found to result in greaieagonality in the BaTi®
reinforcement and to minimize possible residuasstes in the matrix. From the

composite discs, three-point bend bars were cagusidiamond blade abrasive saw.

4. Electroformed Nickel-BaTiO; FR-MMCs

As was previously mentioned, most combinations fefreoelectric ceramic
reinforcement within a metal are unstable and terméact at the high temperatures
involved with traditional metals processing. Ineffort to study the ferroelastic damping
behavior of FR-MMCs other than the bronze-Bag#@stem, near room temperature

composite fabrication methods are needed. Heotreferming was selected.
4.1 Electroless Nickel Plating

To improve the quality of the M/R interface andremse the efficiency of particle
incorporation during electroforming, the BaTEi@inforcement particles were Ni

electrolessly plated.
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This process is outlined in Table 12. As with éhectroless Cu plating, all of the

solutions were prepared in 600ml Pyrex beakerstamthath temperature was maintained

using a hotplate equipped with a temperature pasigecontroller. Between each step,

the material was rinsed three times using deionjR¢pwater. the solution was first

siphoned away and replaced with DI water, comptetebmersing the material being

plated. The mixture is then stirred for 5 secoald the liquid is again siphoned away.

Table 12. Electroless nickel plating recipe

Purpose Constituents notes time, min °C
Cleaning ultrasonically cleaned in - rinse when done
5 room
an ethyl-alcohol bath
Alkaline - 100mI DI water - stir until NaOH is dissolved
Cleaning - 4.0g NaOH 97% - bring to temperature
. 15 65-70
- pour over powder and stir
- DI rinse when done
Acid Cleaning - 75ml DI water - stir and bring to temperature
- 25ml HCI 36.5-38% - pour over powder and stir 15 30-35
- DI rinse when done
Sensitizing - 120ml DI water - stir and bring to temperature
- 3.0g SnCi2H,0 98.2% | - pour over powder and stir
- 5ml HCI - do not allow undissolved 10 25-30
SnCh to be transferred
- DI rinse when done
Activating - 125ml DI water - stir and bring to temperature
- 0.03g PdCGI199.9+% - pour over powder and stir
- 0.063ml HCI (2 drops) | - do not allow undissolved
PdC} to be transferred 25 40-45
- DI rinse when done
- rinse once in ethyl-alcohol
- allow to dry in air
Solution 1 - 90ml DI water - add NiSQand NaP,0O; to DI
- provides |- 2.5g NiSQ water
Ni ions - 4.0g NaP,Oy - stir until dissolved ,
. until
- add NHOH, color will dissolved 50
- 2.3 ml NH,OH change from lime to emerald
green
- bring to temp
Solution 2 - 10ml DI water - add NaHPGO; to DI water
- reducer - 2.5g NaHPO, - stir until dissolved until room
- add to solution 1 dissolved
- add material to be plated
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This recipe remained stable in contact with, and sufficient to plate, 4,000¢nof
surface area at a rate of ~ 4um/hr (decreasechglatirface area will result in faster
plating rates). As for the Cu-based system, tinkase area of the BaTipowder was
measured using a Quantachrome Instruments gasososystem to run a Brunauer,
Emmett, and Teller (BET) surface analysis. It Wasd that the surface area can again
be reasonably estimated based on the median paitarheter and a spherical shape

assumption.

4.2 Electroforming of FR-MMCs

In this work electroformed Ni from a nickel sulfatedoased electrolyte is used as the
matrix material. Here Ni plated BaTi@einforcement particles are suspended in the
electrolyte solution resulting in their codeposit@along with the electroformed Ni metal.
This Ni coating of the BaTi@serves as a physical barrier between the reinfoeoé and
the Ni electrolyte minimizing contamination of takectrolyte. The conductive nature of
this Ni coating also aids in the incorporationtoé particles. Instead of the particles
having to be “caught” by the electroformed Ni Igyes is the case with bare
nonconducting ceramic particles, the Ni platediplad actually become electrically
connected and part of the cathode upon contads CHuses Ni to be electroformed on
and around each patrticle leading to incorporatiter a single contact event with the
cathode, decreasing the necessary amount of gartidiich must be added to the
electrolyte from roughly 200 to 0.02g/L and incresthe amount of reinforcement that
may be incorporated in the composite.

The interface formed between the electroformed Blirix and the Ni plated BaT#D
should also prove very strong. Here the Ni coasnghemically and mechanically
bonded to the BaTiQand seamlessly becomes a part of the Ni matroutitr the
process of electroforming. Overall this process/tes a near-room temperature
fabrication technique in which to produce FR-MMGsieth could lead to the
incorporation of other ferroelectric materials whitke BaTiQ; would not normally be

compatible with most matrix metals at the tempeestuequired for their processing.
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A schematic of the electroforming system used is work is shown in Figure 27.

Anode Cathode Anode Cathode

a b

Figure 27. Composite electroforming bath used in fils work: a.) initial set up b.) composite growth
with time

Here the anode takes the form of a Ti mesh baslezt Wwith electrolytic Ni pellets and
covered with a woven polypropylene bag (not piaiireThe cathode is in the form of a
250um diameter, commercially pure Ni wire thattretehed between two acrylic disks
by four threaded nylon rods (not pictured). Heiekel along with incorporated BaTiO
particles, is deposited onto this wire which aftdarication remains part of the
electroformed composite. To ensure both a unifNirdeposit and a uniform volume
fraction of BaTiQ reinforcement, the entire cathode apparatus &edtand the entire
bath is aggresively mechanically agitated. Theatas a uniform average current density
on the cathode surface and should significantlycedstokes settling of the particles in
the bath.

Using this method the length of the resulting cositgocylinder is dictated by the
spacing between the acrylic discs and the dianaetesult of the volume of Ni deposited.
The amount of nickel that is deposited at the ade¢he determined by the product of
current (in amperes) and the time (in hours). plaéng bath contains divalent Ni ions

(Ni*?), which must react with 2 electrons to form a riet&li atom, as shown in Eq 36.

Ni**+ 26 —» Nf Eq 36
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Under ideal conditions, 26.8 A flowing for 1 hr Wileposit 29.4g of Ni, leading to the
common standard for nickel plating of 1.095g/A-ktowever, under real conditions
efficiency is estimated at 96.5 percent, as a omif the current is utilized to reduce
hydrogen ions, which leads to an increase in pH owee.

Not just any amount of current may be applied todathode however, as current density
can significantly affects the properties of thecegledeposit as discussed in Chapter 1.
Generally to achieve low internal stress in Niaoihte deposits, the current density is
limited to between 0.05-0.3 A/dm This can be raised above 0.3 Afdior highly
concentrated baths or decreased below 0.05 2iftiwases where throwing power is
critical.®* For typical parallel plate type electrodepositithis is straightforward as the
area of the cathode remains consistent as Ni issitgl. Due to the cylindrical nature of
the electroformed composite in this work, the aseaonstantly changing. As Ni is
deposited onto the rotating wire, the diametepisstantly increasing. To account for
this, the growth of the composite was modeled basedl plating rate of 1.095g/A-hr at
96.5% efficiency. Based on this model, steppeckiaes in current where determined to
maintain a current density at the cathode withenchosen range of 0.02-0.04 Akcm
Although this current density added a small amadimompressive stress in the matrix,

this low current density was needed to minimizéasag roughness during fabrication.

This model also took into account the incorporatbthe BaTiQ reinforcement which
adds to the composite volume increasing the dianoétde sample without consuming
the supplied current. With this stepped increasaurrent density comes a stepped
increase in the rate of Ni deposition and alondnwhis comes increased consumption of
BaTiO; particles from the plating bath. To maintain astant particle concentration in
the electrolyte, timed 0.21g particle additions everade to the bath to maintain a
constant particle concentration in the range o1 @®7g/L using a Lambda Powder
Doser. The surface roughness induced by the iocatipn of the reinforcement particles
led to severe dendrite formation causing samplégtonusable. To reduce this effect,
the center 4 mm of each sample was deposited withaoticle additions and no test bars

where cut from this portion of the composite.
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In this manner, the composites were grown over 8#y&, depending on volume fraction
barium titanate, as this portion is simply added aat “grown”, a composite of higher

volume fraction reinforcement will take less tinogpgroduce at the same current density.
The composites were 125 mm long with a diameterl@ mm measured at the valleys of

any surface roughness. An example can be sedguneR28.

10 pm

—

Figure 28. Electroformed nickel sample having Ov¥BaTiO;

A disc shaped cross section was then cut from eadtand one from the center for
metallographic analysis as shown in Figure 29, ifeptwo cylindrical pieces roughly 55

mm in length.
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~55mm

~55mm

Figure 29. Sample sectioning schematic

Eight, two-by-three millimeter bars were electridedcharge machined from the outer
composite portion of each cylindrical piece whicasigrown about a pure Ni core as

shown in Figure 30.

12-13mm Diameter Bar

2m
3mm

Final Sample
Dimensions 3mm

2mm

~55 mm

Figure 30. Schematic describing the manner in whictest bars were cut from the electroformed
composite cylinders
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Cutting the samples in this manner ensured a densistructure as the grain structure

tended to be radially columnar from the center.

5. Polished Specimen Preparation

After consolidation, specimens from each composéee mounted in 2-part epoxy resin
and cured overnight at room temperature. Samplésegblated BaTi@powder were

also mounted in this manner. Each mounted samasegnound using 240, 400, 600, and
1200 grit paper and polished using 1.0, 0.3, a@8 Am ALO; suspensions. This

allowed for the examination of the cross-sectiobath the composite discs and the

plated particles using electron microscopy.

6. Scanning Electron Microscopy

Backscattered scanning electron microscopy (SEM)wsad to examine the plated
BaTiOs; powder as well as the structure of the composiktere, the features of primary
importance included porosity in the matrix, rei@ment, and at the
matrix/reinforcement interfaces. The backscattéeater is sensitive to contrast between

phases of different average atomic number.

7. Reinforcement and Porosity Volume Fraction Calclations

Although the fabrication parameters of the FR-MMEthis work was based on a
growth model according to a desired volume fragti@riation of up to 5 volume percent
was common and thus the resultant volume fracti@aoh sample had to be measured.
To do this, a 2-3 mm thick section was cut fromtthe (C), bottom (A) and middle (B)

of the composite cylinder, as shown previouslyiguFe 29.
These sections were then metallographically pegpand polished according to section

5 of this chapter and four representative pictwese taken of each section, generally

one from the top, bottom, left side and right side.
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These pictures were then analyzed using Imagmdge J is a public domain, Java-based
image processing program developed at the Natiostitutes of Health. It was used to

first transform these images into a black and whiibary form, as in Figure 31.
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Figure 31. Cross-sectional images of an electrofoed Ni FR-MMC a.) Image as taken b.)image
made binary using Image J

With a binary image, the number of black pixelsnfi@cement) is counted and the
volume fraction of black pixels to total pixels oesponds with the volume fraction of the
reinforcement in the composite. This was donalfiofour pictures of each of the three
sections, and these 12 measures were averagethto tte reinforcement volume
fraction for each composite.

In the case of the heavily loaded Ni composites viblume fraction of porosity also had
to be taken into account as only nonporous secti@ne used to measure volume
fraction BaTiQ. The volume fraction of the porosity was also sugad in a similar way
using Image J. An image of the full composite sresction was made binary, as shown
in Figure 32,
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a. b.

Figure 32. Cross-section of a Ni- 12v%BaTi@composite a.) as taken b.) made binary

and the volume fraction of porosity was considexgdhe part of the Ni matrix when

adjusting the reinforcement volume fraction.

8. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was perfedon both the plated and unplated
BaTiO; reinforcement particles as well as each of thepmmsites. This was done to
ensure that the BaTgdemained in the ferroelectric tetragonal phaseclvis responsible
for ferroelastic damping in the systems. A TA fastents Q1000 DSC was utilized in
this work. The samples underwent two heating adireg cycles in a He atmosphere
between 2%5to 200C at a rate of ®&€/min. Data was taken the entire time to captoee t
peaks due to the phase change at the Curie tempeodt~136C.

9. Mechanical Testing

This is done chiefly to identify the yield strengththe composite to be used as a guide in
ensuring that all damping measurements take plabéwvthe elastic region. These data

may also useful to gauge the quality of the contpesi

Stress/strain (s/s) analysis was performed using.XT.Plus Texture Analyzer (TA)

with a 50kg load cell and a knife blade three-pbiend clamp kit. Stress/strain
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calculations, based on the signals of force anplatement, are made using three-point
bending equations included in the software packageided with the TA. The end
result is a curve representing the maximum s/sgchvbccurs at the top (compression)
and bottom (tension) edges at the midspan of tplkea

The displacement rate 0.6 mm/min of each sampldaeated to 2 cm of displacement or
failure, depending on which came first. The sives were also utilized in determining

the appropriate strain to be used during dynamichaeical analysis. To obtain accurate
an measure of damping ability, it is necessarysaiie that tests are done well within the

elastic region of the composites.

9.1 Stress/Strain Calculations in Three-Point Begdi

In three-point bending, since the actual stresssénaih varies through the sample cross
section, the TA produces a stress/strain (s/s)ecbhased on thémax andgnaxin the

sample. This is logical, as one would expect apano fail at the point of greatest s/s.

In three-point bending, assuming a homogeneousmspadree of significant stress
concentration sites, the maximum strags.f and maximum straingga,) occur
respectively on the top and the bottom surfacéefample at the midsp&h This is

where the TA drive applies the lodél) (causing deflectiond), as illustrated in Figure 24.

W/ y
i 'O-_[na’x
—b-s:nax<— ]
e e e mm e mm e neutral axis, 0= 0 _ |
— Opax—y
A T A
P/2 P/2

Figure 33. Location of maximum stress and strain oA member in 3-point bending
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The TA measures the raw signals of applied forecedasplacement. These, combined
with the sample dimensions and Poisson’s ratioewsed by to obtain the maximum

stress and strain experienced by the sample ugjag3H, 32 and 33.

5 - PLt_3PL
mXC 4l wit? [31]
L3 6 t)°
S=K—|1+—([1+v) —
BI{ 10( )(LH [32]
60t

max 2

2L{1+ 6(1+v)(tj } [33]
10 L

In Egs. 31, 32 and 3B, is the load.L is one half of the sample lengthis the sample

thickness.|l represents the moment of inertia.is the sample widthd is the deflection.

v is the Poisson’s ratio of the sample material, &isithe slope of the stress/strain curve.

For the linear (elastic) region of the cur$as a constant value which corresponds with
the elastic modulu€]. This allows the use of Hooke’s law to relatgyandé&max for the
entire linear region of the s/s curve. Once ptagéiformation begins and the curve strays
from linearity,S can no longer be treated Bsand thusS can no longer be used to relate
Omax @Ndé&max between data points. It does however remainltpe of the curve for each
individual point on the curve and can thereforaibed to relat@r,.x and&nax at each data
point. This distinction betweeBas the elastic modulug) versusS being treated simply
as the slope of the curve at any point should bedhio the derivations of Egs. 31, 32 and

33, which are given in Appendix A.

10. Damping Behavior Evaluation

The damping behavior was examined and used torhgetterstand the behavior and
limitations of ferroelastic domain twinning as areggy dissipating mechanism in the

composite system studied. Dynamic mechanical arsa{ibMA) was used to
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characterize the relative damping properties ofi tle¢ bulk BaTiQ and the FR-MMCs.
All tests were conducted using a TA Instruments @i@800, using the 50 mm roller-
edged three-point bend clamp kit. For each samhglstatic strain was set to 0.05%,
and the ratio of static/dynamic strain was confegliat 1.25. Here, a resulting maximum
strain of 0.09% was applied. This strain levekfalell within the elastic region of these
materials while maintaining stresses within thévactegion of 15-100 MPgor

ferroelastic damping mechanisms. The dynamicrstrais driven at 1 Hz.

10.1 Damping vs. Frequency

Tano was measured at room temperature from 0.01 to 2@ Ha effort to further the
understanding of the dependence of ferroelastigétagr(twinning) on frequency. From
these results the drive frequency of 1 Hz was ahasdt fell into the most stable region
of the curve avoiding resonance which could beyaiitant source of variation in the
damping results with the potential to mask variaseen between samples of dissimilar

volume fraction BaTi@

10.2 Damping Properties vs. Temperature

Each run began with a temperature equilibratic?5&€, at this point data collection was
turned on. Once data was being collected, the sawgs held at 2& for 0.25min
followed by a temperature ramp a€2min to 206C. Upon reaching 26Q, the sample
temperature was held for 1min. Data collection th&® turned off and the sample was
cooled to 28C at $C/min under no load. For each sample this prosessrepeated
twice. Data was collected during the first run bat used in the analysis as this run was
simply used to erase any processing history tleaséimple may have had. Further

discussion of DMA in general is addressed in thekBeound section of this thesis.

10.3 Reversible vs. Irreversible Damping

Tano was measured at room temperature from 1 to 30,9€leésin an effort to discover

the quantity of ferroelastic twinning that is resibite vs. irreversible. It is expected that
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thetan o should drop off with increasing cycles as moredelastic twins become pinned

which could limit the effective service life of tiR-MMCs.

11. Neutron Diffraction

As part of a larger study by Schultz et. al., whintiudes the author of this work,
neutron diffraction was used to verify ferroelast@main motion as an active damping
mechanism in FR-MMC%" °® These tests, were performed on the Spectrommter f
Materials Research at Temperature and Stress (SNBARfthe Los Alamos Neutron
Science Center (LANSCE).

In the electroformed Ni-BaTi©composite system, BaTi®etragonal peaks are eclipsed
by the primary Ni peaks of the matrix, and neuttldfraction studies could not be
performed. In the case of the bronze matrix conees30v% BaTi@ composite
samples were subjected to an oscillating stress &40 MPa) about a static
compressive stress of 30 MPa at room temperatuile whthe path of the neutron beam.
This led to a maximum stress state of 40 MPa, wighin the elastic region of the
composite. The sample was subject to 50 cyclésHt. Five diffraction patterns were
taken during cycles 1, 2, 5, 10, 25, and 50. Tdifate a sufficient neutron count, the
cyclic loading was paused for ~1 hour while obtagneéach diffraction pattern. One was
take at the maximum stress (40 MPa), one at theémaim stress (20 MPa) and one each

time the static stress of 30 MPa was crossed.

Figure 34 shows a bronze- 30v%Bafikdmposite sample loaded into the load frame at
SMARTS. Around this is the high temperature fumaait. The squares embedded into
the furnace are Al windows that are virtually teawent to neutrons allowing the beam to

pass into the furnace to the sample and back dbetdetectors.
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Neutron
beam

Figure 34. Bronze- 30v%BaTiO3 sample inside the lahframe of SMARTS at LANSCE

Here the focus was on data from detector bankad?.tife purpose of twin identification,
both detectors provide similar information, howether peak sharpness greater in
detector 2 as the diffraction neutrons mass thraugre of the sample material which act
to filter stray neutrons that have been incoheyesthttered toward the detector. The
scattering vectors for detector 2 can be seenguargi35.

Incident Neutron
Beam

sample

Detector Bank (90 °)

k: incident wave vector
k’,: diffracted wave vector
Q,: scattering plane normal

Figure 35. Scattering vector schematic for detecto?
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Those atomic planes in the sample having plane algregual to vector Q2 will scatter
neutrons from the incident beam into detector haf@ the tetragonal structure of
BaTiO;s, this corresponds to the “c” and “a“ lattice paeders which are perpendicular to

the loading direction.

Intensity

Time of Flight

Figure 36. Diffraction planes in BaTiO; and their intensity peaks in the resulting diffradion pattern

These diffraction planes are shown in red in Figgeand there presence is quantified
through their normalized peak intensities. Duth®symmetry of the tetragonal

structure of BaTi@ the intensities of these peaks will maintainteoraf 2:1 as 2 a axes

exist for each c axis.

When stress is applied to the composite samplerteop of the ¢ axes which are aligned

parallel to the loading direction will switch by 9@ avoid compression of the elongated

c axis, Figure 37.
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Figure 37. Stress induced switching of the ¢ axia tetragonal BaTiOs;

This switching is physically manifested as twinninghe material and can be quantified
by the trade-off in intensity seen from the “c’the “a” axis in the diffraction pattern,
Figure 38.
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Figure 38. Stress induced intensity trade-off fronthe parallel ¢ axis to the a axis
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Chapter Four- Results and Discussion

1. Preparation of the BaTiO; Reinforcement Powder

The BaTiQ powder was successfully ground and sieved fror2r@sth pieces into a
uniform, free-flowing -325 +500 powder. Durirtgd process roughly 50% was lost as
-500 mesh fines (<30um particles). Here, approtefgal gram of barium titanate
powder was dispersed in deionized water and susgdoylthe flow of water through a
loop, while laser scattering was used to analyegtrticle size distribution of barium

titanate particles yielding a median diameter a#35um.

As can be seen in Figure 39, the as-received 3-1pmoes appear to consist of a

network of 20-100um grains dispersed into a higidsous, fine-grained structure.
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Figure 39. SEM image of the domain structure of thas-received BaTiQ 3-12mm pieces

This morphology is likely responsible for the relatease of grinding as most of the
fracture is occurring in the porous regions betwgmmns. Within the grains a prominent
herring bone domain structure can be observeds ddmsists of ferroelectric 180
domains which are heavily twinned by ferroelasfi¢ @mains. This structure is near
ideal as it is the motion and creation of thesed#finains within a coarse grain structure

(>1um) that is responsible for the ferroelastic gamg examined in this work.
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After grinding and sieving, DSC was used to vetiifgt the powder remained
ferroelectric/ferroelastic. Peaks at the Curiegerature (13%C) upon heating and
cooling can be seen in Figure 40.

BaTiO3 Reinforcement (~35um)

0.10T— —

0.05
B 74.55C(1)
g
E 0.00
LL
o
(5]
T
-0.054
126.08C
010+ T T [ T T T T
20 40 60 80 100 120 140 160 180 200
Exo Down Temperature (‘C) Universal V4.3A TA Instruments

Figure 40. DSC data for the ground and sieved BaTigreinforcement powder for heating and
cooling during two cycles

These peaks represent the ferroelectric to patael@bhase change upon heating through
the Curie temperaturd ) and the paraelectric to ferroelectric phase chanmpn cooling
throughTc. The heating peak verifies that the powder resB@mroelectric after

grinding. While the presence of both peaks is @vo@ that the phase change remains
reversible with the current particle size, struetand morphology.

1.1 Electroless Copper Plating

Electroless plating of the BaTi®@einforcement resulted in a uniform copper coating

while maintaining the free-flowing properties oéthowder.
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Unplated

Figure 41. Unplated vs. electroless Cu plated BaTiJeinforcement powder

This resulting uniform Cu coating has a thicknes3-4um, as shown in Figure 42.

Figure 42. SEM image of a copper plated BaTigparticle

Although there appears to be a separation betweeplated layer and the particle, this is
an artifact of the sample preparation. Duringgiohg, the BaTi@is worn away at a
faster rate than the surrounding copper resultirtgeir surfaces resting on different

planes. As a result the BaTH@ shadowed causing it to appear black in thesamear
the plated layer.

DSC analysis of the Cu plated powder confirmedafeservation of the
ferroelectric/ferroelastic nature of the reinforaat) Figure 43.
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o Electroless Cu Plated BaTiO, Reinforcement (~35um)
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Figure 43. DSC data for the Cu plated BaTiQ reinforcement powder

The presence of both peaks is evidence that theeptfeange remains reversibly
ferroelectric after the series of chemical treatte@mvolved in the plating process.

1.2 Electroless Nickel Plating

Electroless plating of the BaTi®@einforcement resulted in a uniform nickel coating

while maintaining the free-flowing properties oéthowder.

Unplated

Figure 44. Unplated vs. electroless Ni plated BaTigreinforcement powder
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This resulting uniform Ni coating has a thickne§8-4um, as shown in Figure 42.

Figure 45. SEM image of a nickel plated BaTi@patrticle

Again the separation between the plated layer lamgarticle is an artifact of the sample
preparation. During polishing, the BaEi@@ worn away at a much faster rate than the
surrounding nickel resulting in their surfacesiregbn different planes. As a result the

BaTiO; is shadowed causing it to appear black in thesamear the plated layer.

As for the Cu plated patrticles, DSC analysis ofi@lated powder confirmed the
preservation of the ferroelectric/ferroelastic mataf the reinforcement during plating,
Figure 46.
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Electroless Ni coated BaTiO, Reinforcement (~35um)
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Figure 46. DSC data for the Cu plated BaTiQ reinforcement powder

The heating peak verifies that the powder reman®électric after plating, while the
presence of both peaks is evidence that the plaseye remains reversible after the

series of chemical treatments involved in the ptaprocess.

2. Composite Structure

As previously mentioned, the composite structuegphb key role in the amount of stress
transfer that exists between the matrix and reggfiorent. As the key damping
mechanism is active only in the reinforcement pe$, structure is extremely important

when attempting to maximize ferroelastic dampin§R*MMCs.

2.1 Sintered Bronze-BaTiBystem

To evaluate damping ability in FR-MMCs, a straigimvard fabrication method allowing

for the creation of composites having specific wodufractions of reinforcement was
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needed. As specific amounts of matrix and reirgforent can be combined and sintered,
traditional powder metallurgical methods were deléc Copper was initially chosen as
the matrix material, as elemental Cu can be sidtate-900-105% 2" ® This range is
much lower than that for other structural metalshsas Ni, Ti, Fe and Mo. Cu is also
much less reactive than lower melting point, stricedtmetals such as Al and Mg. To
further reduce the sintering temperature, an afou- 10 w% Sn (bearing bronze) was
finally selected for the matrix metal. This allogn be liquid phase sintered at 32@&nd

is resistant to oxidation leading to greater eadab handling.

Barium titanate (BaTig) became the obvious reinforcement material orbtses of
thermodynamic stability and high damping ferroetasature. Many of the current Pb
based ferroelectric ceramics (PZT, PLZT, PMN, edce) unstable in most structural
metals, such as Fe, Ni, Al, and Cu-Sn bronze,napézatures above 3%, as manifested
by excessive reactions between the metal matrixtadeinforcement. BaTialso has

a distinct Curie temperaturéd), associated with the tetragonal-cubic phase chaegr
130°C2® This is opposed to the gradual transition typafaPb-based solid solutions, and
allows for quantification of ferroelastic dampirgdugh the comparison of data just

before and aftefc.

In this work, the barium titanate (BaTiparticles were electrolessly Cu plated before
incorporation into the bronze matrix and were pedsand sintered twice to improve the
M/R interface and decrease porosity. With thisrowed structure, the mechanical and
damping properties of the resulting ferroelecteimforced metal matrix composite (FR-
MMC) could be better investigated.

Metal-particle interface

In previous work: "° FR-MMCs have been produced using the powder noegsii(PM)
route. However relatively poor physical and medterproperties were obtained due to
the existence of large amounts of residual porasitich tended to agglomerate at the
matrix/reinforcement (M/R) interface. This is nwtusual, and is thought to be the result
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of both the non-wetting characteristics betweemtle¢éal matrix and the ceramic
reinforcement and porosity from incomplete consalith> ¢’ Plating of the particles
has been shown to reduce this probfedin example of such an interface from the
current work is shown in Figure 47, which contaansSEM image of a Cu plated BaTiO
particle embedded in a bronze matrix.

Figure 47. Copper plated BaTiQ particle embedded in a bronze matrix

A sound interface appears to exist across neagletiire particle surface. As the tin
component of the bronze matrix becomes liquid dusimtering, it is able to wet the Cu
surface of the reinforcement, decreasing the tendfar pore agglomeration at the
interface and allowing it to be spread more evémigughout the composite. Plated
particles not only provide increased M/R interfdmat, the interface created is also of
higher quality. Here, improved adhesion is reaiteough the formation of a Cu-Sn
solid solution with the plated layer associatechvtih interdiffusion from the bronze
matrix into the Cu layer of the particié.

Overall composite structure

To examine the effect of volume percent reinforceino® composite structure, images of
bronze-BaTiQ composites of varying v% reinforcement are comghame-igure 48.
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Figure 48. A.) Bronze- Ov% plated BaTiQ, B.) Bronze- 30v% plated BaTiQ, C.) Bronze- 15v%
plated BaTiOs;, D.) Bronze- 45v% plated BaTiQ

This upward trend in porosity with volume perceatamic is not unusual. Before
sintering, the composite is simply a pressed mextairmetal and ceramic powder. When
hard and soft powders are mixed together the cotigpalsehavior is dominated by the
connectivity of the hard materi&. In this work Cu, Sn and BaTi®owders having

yield strengths of 69MP4 11MP&2, and 82MPZ respectively were combined,
therefore, this would cause the pressed greentgieridhe discs to decrease with
increasing ceramic BaTygXontent. Upon sintering, this decreased greesityeshould

in turn lead to decreased density (increased pggjasithe composite disks. Although
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structural improvements have been made througmslacy pressing and sintering and
by utilizing plated BaTi@, the resulting composite continues to be a mogtem and is

still far from ideal.

2.2 Electroformed Nickel-BaTi§System

The goal of this work is to further the understaigoand the limitations of ferroelastic
domain motion (twinning) as the primary damping haetdsm inherent to FR-MMCs. In
order to further characterize this mechanism, &ffbave been made to fabricate FR-
MMCs consisting of materials other than the broBad4O; system. Due to
incompatibility issues surrounding most other materombinations, a near room
temperature processing technique was chosen. Nefeatrix) plus BaTiQ reinforced
metal matrix composites were fabricated througbtedéorming. Electroforming of
composites, also known as occlusion or composéeng, does not require the high
temperatures and pressures involved in more toaditimethods, such as internal
oxidation, powder metallurgy, high pressure bondamg infiltration®® The high
processing temperatures involved during sinteriag festricted the ability to
independently vary process variables due to raactretween most structural metals and

ferroelectric ceramic combinations.

Using this method, reinforcement particle diametanrs range from 0.02-100um, with
the only requirement being that they remain suspeénand particle quantities dispersed
in solution generally vary from 50-200gfL. Utilizing traditional electroforming
methods, even with such high particle loading efbhath, it is difficult to achieve a high
volume fraction reinforcement, especially for lapgeticle sizes. Here, incorporation
relies on weak electrophoretic forces to captuparéicle at the cathode before ionic
species, adsorbed onto the particle, are reducedrgorating it into the composite.
From there sufficient metal has to be plated aratedarticle sufficient to hold it in
place before electrolyte convection can knock iagft To overcome these issues, high
particulate loading of the electrolyte is utilizdulit this can cause contamination in the

bath which can severely affect the platability @ndperties of the matrix metal.
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In this work, electroless Ni plated BaTiarticles were suspended into a Ni sulfamate
electrolyte and incorporated into the electroforeas it was deposited. The
conductive nature of the plated reinforcement &sgisits incorporation into the
composite, significantly decreasing the requiredigla loading and leading to a
composite with a strong matrix/reinforcement irded. Instead of the particles having to
be “caught” by the electroformed Ni layer, as is tase with bare nonconducting
ceramic particles, the Ni plated particles actubbgome electrically connected and part
of the cathode upon contact. This causes Ni teléaroformed on and around each
particle leading to incorporation after a singletawt event with the cathode, decreasing
the necessary amount of particles which must bedtlwthe electrolyte from roughly
200 to 0.02g/L and increases the amount of reiefoent that may be incorporated in the
composite. This electroless Ni coating also creatbarrier between the reinforcement
particle and the Ni sulfamate electrolyte signifitya decreasing contamination of the
bath.

Metal-particle interface

Here, the Ni matrix and BaT#Jeinforced composites were fabricated through
electroforming. Ni plated BaTiJ)particles were suspended into the Ni sulfamate
electrolyte and are incorporated into the Ni ma&sxt is electroformed. In Figure 49, an
etched sample is shown to accentuate the layefitigeelectroformed Ni over the

embedded particulates.

F= s

Figure 49. Conductive particle incorporation into the electroformed Ni matrix
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Upon contact with the cathode, plating occurs ahamound the conductive,
reinforcement particles. As they come in contaitih the cathode, Figure 50, they

assume its charge and effectively become a pdheotathode.

Ni
Cathode
(-) charge

BaTiO,
Cathode

(-) charge

Cathode
(-) charge

Figure 50. Incorporation of BaTiO3 particles havinga conductive Ni coating

This allows for Ni to be deposited over the paittate, fully incorporating it into the
composite. Here the Ni coating is chemically arethanically bonded to the BaTiO
and seamlessly becomes a part of the Ni matrixngad a strong M/R interface.

Overall composite structure

The electroformed Ni composites, as mentioned presly, are grown radially from a
rotating Ni wire cathode. The wire is 125mm inddnand is grown into a composite rod

having a final diameter of 12-14mm. An example barseen in Figure 51.
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10 um

il

Figure 51. Electroformed Ni-BaTiO3 composite rod akr fabrication

The curvature seen in this composite bar is nottdwesidual stress but to slack which
occurred in the initial 250 micron Ni wire cathodérom the composite bars, a 5mm tall
disc section was taken from the bottom (A), mid@g and top (C) for characterization.
A composite of optical images can be seen in TaBlef the cross-sections of each of

the three composites fabricated in this work.
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Table 13. A composite of optical images of the variis cross-sections of each of the three composites

fabricated in this work: 1.) Ni- Ov% BaTiO3 2.) Ni- 3v% BaTiO3 3.) Ni- 12v% BaTiO3

Bottom, A

Middle, B

Top, C

Composite #1, Ni- O0v% BaTiD

Bottom, A

Middle, B

Composite #2, Ni- 3v% BaTip

Bottom, A

Middle, B

Top, C

Composite #3, Ni- 12v% BaTiD

101




Ben D. Poquette Chapter Four: Results and Digmuss

Here porosity drastically increased with increasintpme percent BaTiQadversely
affecting the mechanical properties of the compssiis will be discussed in the next
section. As mentioned previously, the volume parrceinforcement was calculated
using optical imagery, as derived from making abjrimage and taking a pixel count of
the areas containing reinforcement particles. Was done using the image editing
software Image J. The results for composites #2#@ncan be seen in Table 14 and
Table 15.

Table 14. Image J volume percent calculations foraznposite #2

Composite #2
slice areal area 2 area 3 area 4 average
A (bottom) 3.22 2.51 8.49 1.99 4.05
B (middle) 5.76 2.76 2.67 2.51 3.43
C (top) 2.93 2.05 2.21 3.35 2.63
Overall volume % BaTiO3 3.37

Table 15. Image J volume percent calculations foranposite #3

Composite #3
slice areal area 2 area 3 area 4 average
A 8.60 11.71 6.81 23.28 12.60
B 23.07 13.24 12.09 8.13 14.13
C 15.97 8.47 21.72 9.86 14.00
Average volume % BaTiO; 13.58
|

Overall volume % BaTiOs3,

adjusted for porosity (15.20%) 11.79

The volume fraction of composite #1 was 0v%. Famposite #2 the volume percent
was calculated to be 3.37v% using the selectedogiiaphs, but will be estimated for the
remainder of this document as 3v%. The volumeifsador composite #3 was adjusted
to take into account the large level of porosityl6f20%, also calculated using Image J.
This adjustment considered the pore area as p#reahatrix, effectively decreasing the
overall volume percent BaTgdrom 13.58% to 11.79%. This will be estimatedlas8%

in this work.
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Examining the composite microstructure there exastear defect-free bond between the
matrix and reinforcement, Figure 52.

Figure 52. Optical micrograph of the matrix/reinforcement interface

Upon further magnification, Figure 53, the M/R ifidee appears sounds, however pores
of ~5-10um are found interspersed between andmwitte reinforcement particles.

Figure 53. Optical micrograph of the matrix/reinforcement interface of increased magnification
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Occasionally these pores do form around the pastiat the M/R interface.

- 4

Figure 54. Optical micrograph showing pores at thenatrix/reinforcement interface

This generally is found in areas of high porositg & most cases is cased by meeting of
two dendrites between the particle and the anddhs shields the particle from the
current supply and halts metal deposition arouedptrticle leaving behind a pore. A
similar effect is thought to be responsible forgofmrmation in the matrix. Evidence of
this can be found in Figure 55.
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Figure 55. Optical micrograph etched to show poredrmation

Here the sample has been etched to reveal tharigyarthe matrix metal during
electroforming. The particles themselves induagddée formation by providing surface
roughness upon incorporation. These “bumps” becoum@nt concentration sites which
grow at an accelerated rate out into the elecolfurther evidence can be seen in
Figure 56.

Figure 56. Optical micrograph etched to accent dendte formation
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In this work, uncontrolled dendrite formation cethe high porosity found in
composite #3, and made the fabrication of comp®s$itring increased volume fraction
reinforcement nearly impossible. Power suppligé weriodic reverse capability could
remedy this. Here the polarization is periodicaflyersed with increased current. The
same mechanisms that cause dendrites to formdrwk them to preferentially erode
away when the current bias is reversed. This ofpectifier was unavailable for this

work.
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3. Damping Behavior of the Composites

The goal of this work is to further the understaigoand the limitations of ferroelastic
domain motion (twinning) as the primary damping hedsm inherent to FR-MMCs.
This damping occurs from energy dissipation stengnfiiam the motion of ferroelastic
domains which are physically manifested as twinhéntetragonal structure?® This
damping ability inherent to ferroelectric cerameas be extended to stiff structural
materials through compositing. This section woltdis on the effects of frequency (0.01-
50 Hz), temperature (25-280), and number of strain cycles (0-30,000 cycles) o
damping behaviortén o) for the sintered bronze-BaTi@nd electroformed Ni-BaTi©
composite systems. These tests were performedawithximum strain of 0.09% about a
static strain if 0.05%. This strain level maintastresses within the active region of 15-

100 MP& “*for ferroelastic damping mechanisms, Table 16.

Table 16. Effective stresses in the composites dag DMA analysis

Composite Stress at 0.09% Strain, MPa
Bronze- Ov% BaTi@ 57.7
Bronze- 15v% BaTi®@ 51.6
Bronze- 30v% BaTi®Q 52.7
Bronze- 45v% BaTi© 37.5
Nickel- Ov% BaTiQ 82.5
Nickel- 3v% BaTiQ 64.5
Nickel- 12v% BaTiQ 34.7
Ferroelastic damping active region 15-136

These strains also fall well within the linear élasegion of the composites to avoid

energy dissipation due to plastic deformation.
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3.1 Sintered Bronze-BaTibystem

Damping vs. Frequency

Damping ability at room temperature was measuresinsefrequency from 0.01-20 Hz
for three identical bronze-BaTi@omposite samples at each volume percent. These

results are shown in Figure 57.

Tan 3 vs. Frequency, Bronze- BaTiO, Composites
0.030 of Various Volume Percent

Tan d

Frequency, Hz

Figure 57.Tan ¢ vs. frequency of the bronze-BaTiQ composites of various v%

As expected, the overall damping seemed to incredbancreasing volume percent for
pure bronze. In the composite samples there appede little dependence t@an 6 on
frequency. Determining a point of stability was tihain reasoning for examining
damping behavior versus frequency in the compasiBased on this data, 1 Hz was
selected as the test frequency for the dampingiséesnperature experiments performed
in this work. In order to fully understand the magde of damping provided by
ferroelastic twinning, and attempt was made to miné variation of the other active
damping mechanisms. To better understand the tapkiy of these measurements,
Figure 58 through Figure 61 include tia@ o versus frequency data for each bronze-

BaTiOs; volume fraction.
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Tan 3 vs. Frequency, Bronze- 0v%BaTiO,
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Figure 58.Tan ¢ vs. frequency for bronze- 0v%BaTiQ

Tan d vs. Frequency, Bronze- 15v%BaTiO3
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Figure 59.Tan ¢ vs. frequency for bronze- 15v%BaTiQ
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Figure 60.Tan ¢ vs. frequency for bronze- 30v%BaTiQ
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Figure 61.Tan ¢ vs. frequency for bronze- 45v%BaTiQ

Damping vs. Temperature

Figure 33 shows the effect of volume percent readment on théan ¢ of bronze-
BaTiO; FR-MMCs over the temperature range of 25200
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Figure 62.Tan ¢ vs. temperature of bronze-BaTiQ of various v%

It is apparent here that increasing the volumeego#rof the reinforcement leads to an
increased damping ability in the composite. Tbhifofvs intuition as the reinforcement is
the primary source of energy dissipation in the gosite. Increased volume percent
reinforcement leads to a greater amount of intamafface in the material. Frictional
sliding occurs at these interfaces causing anelastiavior in the material as stress

energy is dissipated.

Not only do metal-ceramic interfaces in the systeenease its damping ability, but
energy is also dissipated through mechanisms tetatthe ferroelectric domains in the
ceramic reinforcement. As the ceramic is mechdlgisgrained, domain wall motion in
the form of ferroelastic twinning is induc&d.This occurs as the ceramic strives to
maintain its current degree of polarization by agiag unit cells in such a way that they
are not stressed along the axis of polarizatiohow& T though, this mechanism
disappears, allowing for its quantification throughmparison of damping values just
before and aftefc. These distinct areas of the curve are highldjinieé=igure 63 and can

be broken into three parts labeled A, B, and C.
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Figure 63. Tand vs. temperature curve of a bronze- BaTiQ FR-MMC

Region A represents the total damping behaviohefcomposite, in which both
traditional and ferroelastic mechanisms are actRegion B represents both a gradual
and sharp drop itand. The gradual decrease in tan d can be attritotdte steady
decrease in the ratio of the “c” axis to the “afsasf the tetragonal unit cell found in
ferroelectric BaTiQ. It is thought that as the c/a ratio is decreasedhpression of the
elongated “c” axis has a decreased tendency tedauwelastic twinning in the domain
structure. Thus as the composite is heatedtlibigsght that this steady decrease in the
c/a ratio leads to the gradual decreagair® seen in the composite upon heating in
region B. The sharp drop tand however, is associated with the ferroelectric to
paraelectric phase change at the Curie temper@igre At this point the reinforcement
is no longer ferroelectric. Here the lack of a @mstructure causes BaTi@ lose its
ferroelastic damping mechanisms. The fact thatdhop exists alc represents a proof
of concept showing that increased damping assakcvaité the ferroelectric nature of the

reinforcement is exhibited by the composite.

Region C represents the region in which only thditional damping mechanisms are

active. The difference in damping behavior betwAemd C can be used to estimate the
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magnitude of ferroelastic damping in the compogitshould be noted however that the
boundaries between regions A, B, and C are notideresl sharp, and an interpretation
of their overlap is represented in the texture layem the figure. As previously
mentioned, beloW ferroelastic damping mechanisms are active, wisellaa to a phase

change, abovéc: these mechanisms are not.
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Figure 64. Points of measure to quantify the droprnitan d at Tc.

As outlined in Figure 64, the damping values at’C5@ere subtracted from those at
70°C resulting in an estimate of the overall decréasan s due to the ferroelectric,
tetragonal to paraelectric, cubic phase changgur&i65 shows how this drop tan o
appears to increase with increasing reinforcemehinve percent, for the bronze-BaTiO

composite system.
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Figure 65. Drop intan ¢ acrossT¢ with increased v% BaTiOs

Over the range of v% BaTg3tudied, the drop itan ¢ appears to follow a linear
relationship with increased v%. When bulk BaJi®included, Figure 66, the trend

appears to stray from linearity at higher volumecpats.
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Figure 66. Drop intan ¢ acrossTc with increased v% BaTiO;,, including bulk BaTiO 3
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The data from the composites in Figure 65 inditast the BaTiQis contributing less to
the overall damping capability than would be prestidrom a simple rule-of-mixtures
analysis. In fact, this trend would most likelydénear relationship, if the composite
was fully dense with ideal M/R interfaces. Ponpsitthe matrix and the geometry of the
reinforcement, decrease stress transfer to théoreament, so the full damping capacity
of the BaTiQ is never reached. This accounts for the lowen giradicted damping

capacity in the composites, which also leads teaehse in the drop tan ¢ acrosslc.

Figure 67 gives an example of how composite dambpeéitvior can be predicted based

on the damping curves for bulk Baki@nd bulk bronze.

45v% BaTiO;

Voight

Tan d

0.01 Md runs

1E-3 Ruess

S A5 g s A A AN I Yt Lt oo
v ) X N g g N ' bulk
o ’ ! Bronze
) T ) T ) T ) T ) T ) T ) T ) T ) T 1
20 40 60 80 100 120 140 160 180 200

N Wb,

Temperature °C

Figure 67. Measured vs. predictedan ¢ curves for bronze- 45v% BaTiG,

This theoretical curve was obtained by taking tleasuredan ¢ values for both bulk
bronze and bulk BaTi©and combining them using the rule of mixtures dasea
composite of bronze- 45v% BaTj@aving a flaw-free matrix and strong M/R interface
This was accomplished using an upper Voight bounds:
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tan 5Composite: tan 6Bronze Bronze+ tan 5BaTiQV BaTiO, Eq 37
which assumes no interdependence of the dampinganemns, and a lower Ruess

bounds assuming strong interdependence of theidgmpechanisms.

1 - V Bronze 4 V BaTio,

tandcumposite tandBronze tandBaTiq Eq 38

The three measured runs seem to fall within theghoand Ruess bounds, however there
may still be some room for improvement, due to pityan the matrix, poor M/R

interfaces, and flaws in the reinforcement parsicleemselves.

Damping vs. Strain Cycles

Reversible twinning of ferroelastic domains haverbelentified as the primary source of
damping behavior at temperatures beltaw These twins, however, can be made
irreversible after becoming pinned against onelarpby oxygen vacancies, by domain
walls or by grain boundariésIn an effort to understand reversible versus/@rsible
ferroelastic twinning in the bronze-BaTi®ystemtan ¢ has been measured from 0-
30,000 strain cycles. These results are shownmdoous volume fractions in Figure 68.
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Tan 5 vs. Strain Cycles for Bronze-BaTiO3 Composites
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Figure 68.Tan ¢ vs. strain cycles of the bronze-BaTi@composites of various v%

Within the first 400 cycles there appears to bba s decrease in damping behavior.
This is attributable to the activation of an irresible damping mechanism. The fact that
this trend is also seen in the pure bronze pointsd mechanism being inherent to the
matrix and not to irreversible domain motion in thaforcement. This is followed by a
gradual decrease tan g, as the applied directional stress further induegsire in the
material as some of the previously reversible tvidesome pinned. It would be expected
that under constant loading conditions, dampinpécomposite would eventually decay
to zero due to complete texturing of the domaincitire due to the creation and pinning
of ferroelastic twins. In “real world” service hewer, any variation in the loading
conditions should serve to minimize this decayamging behavior by serving to free a
portion of the twin structures that were previoysityned. Figure 69, Figure 70, Figure
71, and Figure 72 contain tken ¢ versus strain cycle date for each individual brenze
BaTiOs volume fraction.
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Tan 3 vs. Strain Cycles of Bronze- 0v%BaTiO3
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Figure 69.Tan ¢ vs. strain cycles for bronze- 0v%BaTiQ
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Figure 70.Tan ¢ vs. strain cycles for bronze- 15v%BaTiQ
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Tan 5 vs. Strain Cycles of Bronze- 30v%BaTiO3
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Figure 71.Tan ¢ vs. strain cycles for bronze- 30v%BaTiQ
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Figure 72.Tan ¢ vs. strain cycles for bronze- 45v%BaTiQ
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3.2 Electroformed Nickel-BaTi§System

Damping vs. Frequency

Damping ability at room temperature was also mesbuersus frequency for the Ni-
BaTiO; system. This was done from 0.01-50 Hz for thrieket-BaTiO; composites at
each fabricated volume percent. These resultstaren in Figure 73.

Tan 3 vs. Frequency, Nickel- BaTiO, Composites
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Figure 73.Tan ¢ vs. frequency of the nickel-BaTiQ composites of various v%

As with the bronze matrix system, the overall cosifgodamping seemed to increase
with increasing volume percent BaLiOThis behavior showed little dependence on
frequency. Based on the data, 1 Hz was also sélestthe test frequency for the
damping versus temperature experiments performedeoNi matrix system. To better
understand the repeatability of these measuremeigisie 74 through Figure 76 include
thetan o versus frequency data for the nickel-Bagf@mposites at each volume

fraction.
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Tan 3 vs. Frequency, Nickel- 0v%BaTiO,
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Figure 74.Tan ¢ vs. frequency for nickel- Ov%BaTiO;

Tan 3 vs. Frequency, Nickel- 3v%BaTiO,
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Figure 75.Tan ¢ vs. frequency for nickel- 3v%BaTiO;
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Tan 3 vs. Frequency, Nickel- 12v%BaTiO,
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Figure 76.Tan o vs. frequency for nickel- 12v%BaTiO;,
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Damping vs. Temperature

Figure 77 shows the effect of volume percent recdment on théan ¢ of nickel-
BaTiO; FR-MMCs over the temperature range of 25200

Tan 3 vs. Temperature of Ni-BaTiO3 Composites
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Figure 77.Tan ¢ vs. temperature of nickel-BaTiQ; of various v%

As seen in the frequency experiments, it is appdrere that increasing the volume
percent of the reinforcement leads to an incredaeaping ability in the electroformed
composite. Increased volume percent reinforceneadls to a greater amount of internal
interface in the material. Frictional sliding oceat these interfaces causing anelastic
behavior in the material as stress energy is digstpcausingan é to increase with
increasing volume percent reinforcement. In addijtenergy should also be dissipated

through mechanisms related to the ferroelectricalomin the ceramic reinforcement.

Unlike the bronze-BaTi@system, however, the electroformed Ni system séems

exhibit no obvious drop itan¢ at Tc.
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Figure 78.Tan ¢ vs. temperature of nickel-BaTiG; of various v% with the T labeled

There does seem to be a change in slope of the tawiposite damping curves n&ay;

above which the curve begins to more closely mttahof pure electroformed Ni.
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Figure 79. Change in slope of composite curves nedc
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According to Figure 79, the slope appears to irsgeapidly, especially above. This
is attributed to the transition from ferroelastigrining in the reinforcement to the
inherent mechanisms in the Ni matrix as the print@mping mechanism in the
composite.

In BaTiOs, the c/a ratio steadily decreases upon heafinds in the bronze system, this
is thought to decrease the amount of damping darted to the system by ferroelastic
twinning. Simultaneously as shown in Figure 7@, ittherent damping of the Ni matrix
increases with increasing temperature. Abbyeghe highly temperature dependent,
ferromagnetic damping behavior of Ni appears toidate. BelowTc, it seems that the
damping behavior is influenced by the reinforceméthére the damping in the
composites is less temperature dependent, consigitbrthat of pure BaTi@at
temperatures below the vicinity ®¢. The added damping from all composite
mechanisms seemed to be sufficient to affect dagnipéiavior however, dic one
cannot resolve th&an ¢ due to ferroelastic damping due to the high inhiecentribution
totan ¢ of Ni at elevated temperatures.

Porosity in the matrix and the geometry of the fiaricement, decrease stress transfer to
the reinforcement, so the full damping capacityhef BaTiQ is never reached and it
cannot realize its full contribution to the damplmghavior of the composite system.
This accounts for the lower than predicted dampagggacity in the composites, which
also leads to a decrease in the drof@my acrosslc. Here the drop is so small that it
does not visibly affect the shape of the dampingeu

Figure 80 gives an example of how composite dambpeéiwavior can be predicted based
on the damping curves for bulk BaLi@nd bulk nickel. This theoretical curve was
obtained by taking the measurtath 6 values for both bulk bronze and bulk BaZi&nd
combining them using the rule of mixtures base@ aomposite of nickel- 12v% BaTiO
having a flaw-free matrix and strong M/R interfac8is was accomplished using an
upper Voight bounds, Eq 37, which assumes no igperddence of the damping
mechanisms, and a lower Ruess bounds, Eq 38, asgstnong interdependence of the

damping mechanisms.
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Tan & vs. Temperature of Nickel-12yo BaTiO ;
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Figure 80. Measured vs. predictedan ¢ curves for nickel-12v% BaTiOs;

The three measured runs seem to fall within thghoand Ruess bounds, only at low
temperatures. At increased temperature, the fergoetic damping in Ni is the dominant
mechanism. The composites contain 15.20% porasitiythus 15.20% less Ni volume to
contribute to damping behavior. Figure 81 shovesrésults of adjusting for this lack of

material by simply subtracting 15.20% from the dargpralues of the pure nickel
sample.
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Tan & vs. Temperature of Nickel- 12v% BaTiO 5
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Figure 81. Measured vs. predictedan ¢ curves for nickel-12v% BaTiO;, adjusted to account for

Although this adjustment seems to help, the threasured runs still do not fall
completely within the Voight and Ruess bounds. sTsimost likely due to 15.20% being
an underestimate of the open porosity found ilNkRel2v%BaTiQ composites as it was

measured at only a single cross-section.

Damping vs. Strain Cycles

It was previously mentioned that the twinning atéelastic domains can be made
irreversible after becoming pinned against onelarpby oxygen vacancies, by domain
walls or by grain boundaridsAs for the bronze matrix compositésn é has been
measured from 0-30,000 strain cycles in an effortriderstand reversible versus
irreversible ferroelastic twinning in the Ni-BaT{@ystem. These results are shown for

various volume fractions in Figure 82.
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Tan 3 vs. Strain Cycles for Ni-BaTiOg Composites
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Figure 82.Tan ¢ vs. strain cycles of the nickel-BaTiQ composites of various v%

As with the bronze system, within the first 400legcthere appears to be a sharp
decrease in damping behavior for the pure Ni. Héis is attributable to the activation
of an irreversible damping mechanism in the Nib&th the pure Ni and the composites,
a gradual decreasetian ¢ is seen with increasing strain cycles. As withkhenze
system, this is evidence some portion of the dagipiachanism becoming irreversible.
This is attributable to a slow decrease in totahhing activity due to the pinning of
reversible ferroelastic twins. Figure 83, Fig8#e and Figure 85contain then o versus

strain cycle date for each individual Ni-BaEi@lume fraction.
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Figure 83.Tan ¢ vs. strain cycles for nickel- O0v%BaTiG
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Figure 84.Tan ¢ vs. strain cycles for nickel- 3v%BaTiQ
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Tan & vs. Strain Cycles of Ni-12v% BaTiOs
0.012
0.010
0.008. .
©0.006
c
@
— ]
0.004
) Sample 1
o.oo2{ e Sample 2
| Sample 3
0.000 — . ——— T ,
1000 10000 30000
Number of Cycles

Figure 85.Tan é vs. strain cycles for nickel- 12v%BaTiQ
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4. Strength Behavior of the Composites

In traditional composite systems, reinforcemermgarerally added to a matrix to provide
added strength. In this work the primary goalhaf terroelectric/ferroelastic ceramic
particle additions was to provide added dampinip¢osystem. The following section
provides information on how this reinforcement afésl strength in the different

composite systems.

4.1 Sintered Bronze-BaTbystem

Porosity degrades the mechanical properties of Riténals. As an example, strength
generally decreases with increasing porosity spures reduce the load bearing cross-
sectional area, and concentrate stress. SecopoEsying and sintering can serve to
mechanically and thermally close pores, while @icément plating has been shown to
decrease pore formation around the embedded aracld allow them to diffusion bond
with the matrixC In composite systems, strength is strongly relétethe M/R interface.

In composites with strong interfaces, stress camaresferred from the matrix to the
reinforcement allowing for combined load bearindjler at the same time dispersion
mechanisms can add to the strengthening of thexmais interfacial integrity

decreases, M/R interaction decreases, and thefrthe reinforcement approaches that of

traditional porosity.

Based on the negative effects of volume percenfasiement on composite structure,
one would predict that increases in ceramic volpereent would lead to decreased
mechanical properties of the composite. Basedhemdsults of the engineering
stress/strain (s/s) analysis in three-point bentbogd in Figure 86, this assumption

appears to be correct.
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Stress/Strain curves of bronze-BaTiO, composites
300
250
Ov%
15v%
s 2007 30v%
o
=
8 150
g
n
0,
100 45v%
50
oOfF———7F———T——T 7T T T T T T T
00 02 04 06 08 10 12 14 16 18 20 22
% Strain

Figure 86. Stress/Strain curves of bronze-BaTi©composites of various volume percents

This is further emphasized by the modulus data seEigure 87.

100 Young's Modulus vs. Volume Percent for Bronze-BaTiO, System
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Figure 87. Young’'s modulus vs. volume fraction plad BaTiO;
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A steady decease in modulus is seen with increasihgne percent reinforcement. This
follows the steady increase in porosity seen witltg@asing reinforcement seen in the
previous section. This porosity decreases the beading cross-section of the sample,
decreasing its measured modulus. This decreasechanical properties becomes
further apparent in the plot of average yield sjterversus volume fraction shown in
Figure 88.

Yield Stress vs. Volume Percent for Bronze-BaTiO, System
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Figure 88. Composite yield strength vs. volume frdion plated BaTiOs

It seems further improvements in consolidationreaeessary before the benefits from
composite strengthening, as modeled in chaptear? pgercome strength decreases due
to porosity. Decreased overall porosity shouldseo strengthen both the metal matrix
and the M/R interfaces. Without a strong interfdbe reinforcement can act as added
porosity. This combined with porosity in the mattiecreases the effective load bearing
surface area of the composite, while adding sitetress concentration in the matrix,

leading to the overall decrease in composite machbproperties shown in this work.
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4.2 Electroformed Nickel-BaTi§&System

In most materials, porosity tends to have a negaffect on mechanical properties. As
previously mentioned, this can be magnified in cosie systems if the porosity affects
the M/R interface. The unique properties of contpasystems are based on the
interaction between the matrix and reinforcememd, far them to fully interact there
needs to exist a strong interface. As seen inase2{ the M/R interface of the
electroformed Ni-BaTi@composites appeared to be sound and in genekalddbe
presence of heavy porosity. The matrix itself hesveexhibited a steep increase in
porosity with increasing volume percent reinforcameavhich had a marked effect on the

mechanical properties of the system.

In the electroformed composites, increased voluaetibn reinforcement led to
increased porosity in the matrix due to high swefamghness causing dendrite
formation. The increased porosity caused a siganiti decrease in mechanical properties

in the composite, as shown in Figure 89.

Electroformed Nickel of Various Volume Percent BaTiO3
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Figure 89. Stress/Strain curves of electroformed nkel- BaTiO; composites of various v%
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However, the Ov% electroformed Ni appears to oufope commercially pure Ni 200
whose yield is 148 MPZ. This is common with electroformed materials amdttributed
to a fine grain structure and the Hall-Petch effécthe Hall-Petch relationship predicts
that for Ni an increase in yield strength from 1d8-800 MPa in Ni would require a ~60
nm grain siz&? This increased strength quickly diminishes asfoecement is added

due to induced porosity as shown in section 2 isf¢chapter.

° Yield Stress vs. Volume Percent for Nickel-BaTiO, System
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Figure 90. Yield stress versus volume percent foriNBaTiO ; composites

This is further emphasized by the modulus data seEigure 91.
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Young's Modulus vs. Volume Percent for Ni-BaTiO, System
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Figure 91. Young’s modulus versus volume percent fiNi-BaTiO 3 composites

Three samples of each volume fraction were testddlee stress/strain curves for these
are shown individually in Figure 92, Figure 93, d&idure 94.
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Figure 92. Stress/Strain curves of electroformed-W86BaTiO ; composites
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Figure 93. Stress/Strain curves of electroformed-\86BaTiO ; composites
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Figure 94. Stress/Strain curves of electroformed-2v%BaTiO ; composites
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5. Reinforcement Particle Quality

The departure from predicted damping and mechaheal@vior cannot be attributed
solely to the poor quality (porosity) of the matriXhe embedded BaTi(articles were
produced through mechanical grinding of monoliiltered pieces. As a result, this
grinding, left many residual cracks throughoutitigividual particles, which can be seen

in Figure 39.

Figure 95. Cracks in individual reinforcement particles left by grinding for size refinement

Due to these cracks, the reinforcement phase cénger be though of as individual
particles but as tight agglomerations of smallexonThis decrease in effective particle
size has most likely lead to a drastic decreasiedoverall ferroelastic damping
capability of the reinforcement. First, a portimirthe stress that would normally activate
twinning in the BaTiQ@ can be dissipated through frictional sliding ie ttracks.
Secondly, the ferroelastic damping ability in teenforcement is very sensitive to
domain structure and grain size. The decreasdentefe particle size due to cracking,
also leads to decreased grain size as grainsaateifed. As particle size drops below
1um, this becomes increasingly important due to ithéihg effects of grain boundaries
on the mobility of domain walls and the twinningpensible for ferroelastic damping.

Porosity also seemed to be significant in the BaTénhforcement particles, an example

of this can be seen in Figure 40.
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Figure 96. Porosity in the reinforcement material

Porosity can cause a significant decrease the mecgroperties in the

reinforcement® while at the same time promote further crackimgshing from stress
concentration in the pores. These pores, likengvaundaries, can also limit domain wall
motion and thus the ferroelastic damping abilityted embedded patrticles.
Improvements in the reinforcement would increagedd&amping ability of the bulk
reinforcement. This, in turn, should upwardly sk theoretical composite damping

curve at all volume percents.
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6. Neutron Diffraction

As part of a larger unpublished study by Schultakf* including the author of this

work, neutron diffraction was used to verify fetiastic domain motion as an active
damping mechanism in FR-MMC%.°® These tests were performed on the Spectrometer
for Materials Research at Temperature and Stréd&RS' S) at the Los Alamos Neutron
Science Center (LANSCE).

Due to its tetragonal structure, BaEj@xhibits a doublet peak at a d-spacing near four
angstroms in both x-ray and neutron diffractiorhisTdoublet is a result of an overlap
between the peak of the a-axis (3.992 A 435 and that of the c-axis (4.036 A at
25°C)*2. The ratio of the c- to a-axis is generally usedefine the degree of
tetragonality of ferroelectric materials. Wheresg is applied to a tetragonal material
such as BaTig) those c-axes parallel to the applied stress@rgressed. With
sufficient grain size, this stress is generallgatited through the formation of a twin.
This effectively changes the orientation of theagbnal structure by 9@lacing the c-
axis perpendicular to the applied load stabilizimg structure. Under x-ray or neutron
diffraction, these twins are represented as a todidi@ intensity between the a- and c-
axis peaks depending on the orientation of thectigte In this work, the occurrence of
such a shift has shown evidence that ferroelastiming is active in the composite

under load and is responsible for energy dissipdti@mping) in the material.

In the electroformed Ni-BaTi©composite system, BaTi®etragonal peaks are eclipsed
by the primary Ni peaks of the matrix, so neutrdfrattion studies could not provide
useful information for this system. For the bronzatrix system, a cylindrical bronze-
30v% BaTiQ composite sample was subjected to an oscillatiegs state (+10 MPa)
about a static compressive stress of 30 MPa at teamperature while being examined
using neutron diffraction. This led to a maximuimess state of 40 MPa, well within the
elastic region of the composite yet sufficientrigiate twinning in the reinforcement
assuming ideal stress transtelhe sample was subjected to 50 cycles at 1 Hz.
Diffraction patterns were taken upon the initisdding at 1, 5, 10, 20, 30, and 40 MPa.
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Then during each of cycles 1, 2, 5, 10, 25, andi®@ diffraction patterns were taken.
To facilitate a sufficient neutron count, the cgdbbading was paused for ~1 hour while
obtaining each diffraction pattern. For each cyamined a pattern was taken at the
initial 30 MPa stress state, the second at the maxi stress (40 MPa), the third upon
passing through the static stress of 30 MPa, theHat the minimum stress (20 MPa)
and again at the initial static stress of 30 MR peak intensities found from these

patterns are plotted in Figure 97.
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Figure 97. Normalized peak intensities for the a ahc axes at selected strain cycles

Here the trade-off in intensity between the “c” datlaxes becomes apparent and the
fact that stress applied to the composite induagdsaage in the reinforcement is strong
evidence of stress transfer in the composite syftem the matrix to the reinforcement.
This becomes more apparent when the peak intenaitéeplotted versus the stress

applied to the sample. These results are showigure 98.
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Figure 98. Peak intensity vs. compressive stressthf c- and a-axes perpendicular to the loading
direction

As the stress was increased the peak intensityecditaxis parellel to the applied load
increased, while the peak intensity correspondinthé parellel c-axis decreased. This is
evidence that the texture of the tetragonal stredtas been modified through the
formation of ferroelastic twins and agrees with Eogrester et. al. who performed similar

neutron experiments for monolithic BaB®?

By comparing the average slopes of this changendmgnitudes are not equal as predicted
earlier. Comparison of the magnitude of the shkogpeach curve exhibits a preservation
of the 2:1 ratio between the “a” and “c” axes, st@ng from the fact that in a three-

dimensional tetragonal system there exists twoes-&r each c-axis. The c-axis can
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twin into either of the a-axis directions, thus eeging on the orientation of the detector,
only an average of half of the change seen in theixis manifested as a change in the
detected a-axis, with the other half affectinguheetected a-axis. This showed that the
domains twinned allowing the elongated c axis ke @ more favorable orientation,
perpendicular to the applied stress. Upon unlaathiis twinning effect appeared to be

reversible as the ¢ peaks tended to recover toittigal intensity.
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Overall, significant evidence has shown that stiredsced ferroelastic twinning is an
active damping mechanism in ferroelectric reinfdrogetal matrix composites. The
systems studied however, using current processitgntques, are far from ideal. The
effects of increased volume percent reinforcemaertan 4, although shown to increase
the overall ferroelastric damping, are masked lyiticrease itan o stemming from

additional porosity created as the v% Badifincreased for both processing methods.

In the model System, the Cu- 10wt%Sn bronze and@®@sgffave been shown to be
thermally compatible during high temperature singgrand the Cu plated reinforcement
greatly reduced the formation of porosity arourg riinforcement. Here, composites
having 0, 15, 30, and 45v% reinforcement were pésimulated, and ferroelastic
domain twinning was shown to be an active dampiegmanism. Evidence of this was
first shown by a steep drop in tAmpon heating through the:,Tbut was then confirmed
using neutron diffraction. By cyclically stressiaggomposite in the path of the neutron
beam, the resulting diffraction patterns were usetheasure the intensity of the peaks
corresponding to the c-axis, which decreases itoding direction, and the a-axis,
which increases in the loading direction. Thislé&-®ff in intensity also preserved the 2:1

a:c ratio which is typical of the tetragonal stuuetof the BaTi@.
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In further analysis of the damping behavior of thedel system, irreversible damping
mechanism are thought to be active as evidencedsgep decrease in tduduring the
initial 400 strain cycles applied to the compositéere also seem to exist irreversible
damping mechanisms inherent to matrix as a steg@paas also seen in for the pure
bronze. However, the bulk of this ferroelasticrtming appears to be reversible, as the
“Cc” to “a” axis trade-off in intensity was repeateder several compression cycles during
neutron diffraction. Additionally, only a small ckey in tand was seen from 400-30,000
strain cycles. Finally for the model system, thenging behavior does not exhibit a

strong dependence on strain frequency from 0.08z10

For the low temperature system, composite eleatmafy has been shown to be a viable
means to combine Ni and BaTiQvhich cannot be combined through traditional Ni
processing techniques as they are not thermalbnpatible at the temperatures
required. Composite electroforming also shows pgeras means to combine other
thermally incompatible material systems. Durinigrieation, electroless plating of the
BaTiO; reinforcement decreased the required BaTiO3 |ggithirthe electrolyte and

improve matrix/reinforcement interface.

Damping behavior for the low temperature systenitetdd a low strain frequency
dependence, across the range tested, 0.01-40nHazaluating the service life of the
composite, théan ¢ decreases gradually with increasing strain cycldslike the bronze
system, no drop itané was seen upon heating through TThis may have been due to
the small volume fractions of BaTi®@ealized, (0, 3, 12v%). This allowed the damping

behavior of the Ni to be dominant washing out amgals drop in tard at Tc.

To more effectively study these effects, materidigreater quality should be utilized and
improvement to the current fabrication methods sthbe explored. Composites of
greater quality consisting of less flaws, woulaadlinot only for a greater ferroelastic
effect, but also a more precise quantificationhatt juantity, as the signal to noise ratio
vs. that of other damping mechanisms would be aszd. Specifically in the case of

fabrication through electroforming, techniques ailoy for greater volume percent
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reinforcement involving a matrix metal with minimaternal friction should be

investigated.

Damping behavior could also be increased usingnéoreement of increased quality.
Reinforcement improvements are not only limitedhtproving the quality of BaTi@
Other materials of superior ferroelastic dampinigjtgtcould be utilized further shifting
the bulk curve upward. Increased mechanical ptmseof the reinforcement should also
increase the mechanical properties of the compoSités will be increasingly important
as the M/R interface is improved allowing for gegattress transfer between them, at
which point an increase in the aspect ratio ofettedded material may be warranted.
Improvements in the matrix will be primarily effect through a decrease in overall
porosity, which can be blamed for the decreasedolanical properties as reinforcement
is added, shadowing any gains made through conpgsitThis decrease in stress
concentration sites coupled with an increase iectiffe cross-sectional area, can lead to
improved mechanical properties as well as dampilgya
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Chapter Six- Future Work

There are several changes that could be made tovw@phe magnitude of ferroelastic
damping, as well as aid in the ability to distilgjubetween damping associated with

tradition mechanisms and those stemming from féastie behavior.

As previously mentioned, since matrix/reinforcemietgrface improvements lead to
increased stress transfer, this interface is ex@hgimportant when attempting to
maximize ferroelastic damping in the embedded ciramo improve the interface,
future consolidation methods should result in aeksed level of porosity as compared
to the current method of liquid phase sinteringthk case of the sintered bronze system,
an obvious choice might be hot isostatic presdii®). However elevated temperatures
and isostatic pressures tend to favor the nondéastic cubic phase of the
reinforcement® Cooling through the Curie temperatufe)(at increased pressure
prevents the efficient phase transition from theapkectric, cubic phase to the
ferroelastic/electric, tetragonal phase, by effetyi decreasindc and stabilizing the
cubic phase in BaTigas well as in most perovskite-type oxid&dUniaxial pressure,
however causes the polar ¢ axis in a tetragonadtsire to form perpendicular to the axis

of the applied pressuf&,*®which can cause anisotropy in damping behavior.

In the ideal case, the consolidation process shoelldone at low pressure and

temperatures well below those required by sinteriDgcreased temperature during
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processing would also allow for the use of betafgrming ferroelastic ceramics that are
currently unstable in most metal matrices at curpeocessing temperatures. This was
demonstrated for the electroformed Ni system evatlia this work. Ni and BaTifare
not thermodynamically compatible at elevated terajees, but remained as stable
individual phases during electroforming af@0 In this case however, porosity quickly
became an issue with increasing volume fractionfoecement when using a direct
current source. The strong temperature dependawoifiagnetic damping behavior in Ni
easily washed out any dropten ¢ see aflc. In the future, periodic reverse methods
could be utilized to combat the formation of potpsiuring electroforming, thus
allowing for greater reinforcement incorporatiofhis combined with the use of a
nonferromagnetic matrix should allow for greatexalation of damping contributed to

ferroelastic mechanisms in the reinforcement.

With respect to the ceramic reinforcement itselfyeased ferroelastic behavior could be
seen by increasing grain size or through the usiengfe crystals. Damping could be
further increased by using a ceramic fabricatiothoe resulting in decreased porosity
and that did not require grinding to reach thelfpeaticle size. High levels of porosity
and residual internal cracks in the reinforcemexttamly lead to decreased damping
ability, but also decreased mechanical propertiésally the aspect ratio of the
ferroelastic particles could be increased. Theafigliptical shaped particles or ideally
short fibers would increase stress transfer allgviom greater activation of the

reinforcement leading to more energy being dissgp&tlamped) by the composite.

Once a FR-MMC has been fabricated, damping duertodlastic mechanisms must be
distinguished from that due to traditional mecharss In this work, this was done using
neutron diffraction to directly measure twinningtire reinforcement, and DMA, to
compare the damping behavior above and below ¢haf the ceramic reinforcement. If
this second method is effective, since the fersigaroperties are active beldw, and

cease completely above it.

To further increase this difference or drop in dargpupon heating through, a low

damping, high stiffness matrix should be utilizedeally, this stiff metal should have a
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high melting temperature relative to theof the reinforcement to minimize changes in

the matrix’s damping ability upon heating throuigh

One could also incorporate a non ferroelectrictfelastic reinforcement material
otherwise having the same shape and mechanicadtaysical properties as BaTinto
the same matrices studied in this work. Any varabetween the BaTi§reinforced
composite system and the system having an “inemtifercement, both having the same
matrix, should allow for quantification of the daimg contribution due to the

ferroelectric nature of the BaTi®@einforcement.

In addition, it is proposed by the authors anchmltterature that by using poled
ferroelectric reinforcement, Joule heating cannaieiced in the matrix due the traditional
piezoelectric effect? Stress in the matrix would be transferred to tnéedded
piezoelectric particles creating a voltage acrbesmaterial. Through this effect, stress
would then be transferred into electrical energy dissipated through resistive heating
in the matrix. This would be another and possibtgareffective mechanism for the

dissipation of vibrational energy in FR-MMCs.
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Appendix A: Derivations of the Maximum Stress,

Maximum Strain and Instantaneous Slope
Equations in Three-Point Bending
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A-1 Maximum Stress Equation in Three-Point Bending

Three point bending is a form of pure bending?ure bending theory can be used to
calculate the stresg) at any point in a member based on the force egnd the
member geometry. The original lod®) @pplied at the midspan from Figure 24 in
Chapter 3, can be represented by one hd¥ftoénslated to either end of the member

combined with the two momenis, as illustrated in Figure 41.

X PR P/2

M W v M

neutral axis, g =0

\
| NS SR SR S A L A L Y e e

2L

1 1

P/2 P/2

Figure 99. Three-point bending represented by two mments combined with translated stresses

Based on this rearrangement, an expression fassgrgg at coordinategy inside the
member is given by Eq. 37. This relation is known as the elastic flexureriata for

beams.

* I [37]

HereM is the moment from Figure 4y js the distance from the neutral axis amslthe

moment of inertia.M and| can be broken down further as shown in Egs. 383a1d

PL

M=—
2 [38]

1 .3

| =—wt
12 [39]
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Eq. 35 stems from the definition of a moment, agd3® from the definition of the
moment of inertia of a member having a rectangeiess-section. By combining EQs.
37-39, a new expression fox can then be found as shown in Eq. 40.

__6PLy
wt? [40]

X

Finally since it is known thaimax 0ccurs at the surface of the member, one hatief t
member thicknesg/R) can be substituted fgrin Eq. 40, resulting in the expression for

Omax Shown in Eq. 41.

_3PL
max Wt 2 [41]

Eq. 41 is identical to Eq. 31, which as previousigntioned in Chapter 3 is the equation

used by the DMA software to calculate the maximaress.

A-2 Equation for the Slope of the Stress/StrainvE€iin Three-Point Bending

This relationship stems from Lagrangian mechanicglvmakes use of energy concepts
using scalar functions instead of the vectoriateepntations found in Newtonian
treatments. In mechanics, energy is defined asahpacity to do work, and work is the
product of a force and the distance in the directie force moves. In solid deformable
bodies, stresses multiplied by their respectivasege forces, and deformations are
distances. The product of these force and distgqnaatities represents the internal work
done in a body by externally applied forces. Thisrnal work is stored in a body as the

internal elastic strain energy.

The internal elastic strain enerdy)(can be represented in terms of stress and sirais.
is done in an analogous manner for both normalstuiedr. For an infinitesimal element
of a member, the definition of stress and the d&im of strain are used to solve for the
force and distance terms used to find the intestrain energy for uniaxial stress
(dUnorma) @nd the internal strain energy in pure shdbkyc,), respectively. An example
involving uniaxial stress in thedirection ¢) is shown in Eq. 42, and for pure shear in

thexy plane @) in Eq. 43
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du

Xnormal

=120, dydz,dx=120,¢,dxdyd=1/ 20, dV
—_—

averageforce distance

[42]
work (energy
d UXyshear= ]’/2 TXded?Xydyz ]/2 Txyy XdedydE ]7/ 2 Txyy xydv
averageforce distarce [ 43]

work (energy

Through the addition aUnoma @anddUspearfor each direction and with rearrangement,
an expression for the total internal strain endogyan infinitesimal elemend{J) can be
found.*

du

W = ]/ZO-XSX +]/20y£y +]/20-Z£z +]/2TnyXy +]/2 Z-yzyyz +]/2 szyzx [44]

Integrating over the volume of the member gives45]*

- %IJIV (UXEX T U'yEy * UZSZ + TnyXY + Tyzyyz + szyzx)dXdde

[45]

This expression is used for general elasticitythintechnical mechanics of solids a more

specific class of problems is considered and Eidplifies to Eq. 46.

U= 21T (e 1y e a6

This relation is sufficient for determining theastr energy in axially loaded bars as well
as in bent and sheared bedh&his is because nearly all of the axial straindsurring

in thex direction and the shear strain in theplain.

For linearly elastic material, under uniaxial s$es = o,/E, and for pure sheay, =
I/G, according to Hooke’s Law. Thus, with substitutaord rearrangement, Eq. 46

transforms into Eq. 47, with andG being the elastic and shear moduli, respectively.
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U= ”jv g—édxdydz-l- ”j\/;—gdxdydz -

for axial loading and for shear in beams
bending in beams

In the case of strain energy in bending, the fegh in Eq. 47 can be further simplified

through a substitution far, according to Eq. 37. Then since bdthandl are functions

of x only and that by definitioﬁ y*dydz= I, the first triple integral in Eq. 47 transforms

to the last term in Eqg. 48.

e e e

[48]

MZ
2dydz |[dx = | ——dx
L2EI ” y ey L 2El

This result is Eq. 49 describing the total straiergy stored in the systerd) for beams
in bending.

 J[[ 5t ceaydz

J 2EI [49]

With this, an expression for deflection in the bg@jrcan be found by first settirig
equal to the external work\g) using the principle of conservation of energyeTirst
law of thermodynamics expresses this principl&dn50* stating that energy can
neither be created nor destroyed.

work done = change in energy [50]

For an adiabatic process, no heat is added orasbtt from the system. When no heat
is generated (meaning forces are applied to thg boglowly that the kinetic energy can

be neglected), the special form of this law forsmmative systems reduces to Eq. 51.

e =U [51]

HereW, is the total work done by the externally appliectés during the loading process
andU is the total strain energy stored in the systénshould be noted that the external

work (W) added to the internal work\{) must equal zero.
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+W =
W +Wi =0 [52]
Therefore, from Eqgs. 52 and 53, the total straergyis equal to the internal work,

U= [53]

whereW, has a negative sign since the deformations aresggpby the internal forces.
This can then be applied to the case of a singlgtielcantilever with a rectangular cross

section in which a forceP] is applied at the free end as in Figure 42.

I Eey

v

<&
<

Figure 100. Single cantilever beam

As P is applied to the beam, Eq. 54 holds.
PO

We=—> [54]

In this case, the total strain energj) Consists of two parts. One part is due to the
bending stresse$lfending and the other is caused by the shearing strédsgs).
Expressions for these parts can be found direatin fEq. 49 by the first and second
terms on the right-hand side, respectively. Thaession folyendgingCan be further
simplified through substitution favl by notingM = -P &, and integrating along the
length.
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L M 2dx - [ L (=Px)fdx _ P?L?

U, . =
bending Io 2E| o 2F| 6El [55]

The expression fddspearis found using the second term of Eq. 49. Inddee of a single
cantilever with a rectangular cross section, theasht every section is equalRpwhile
the shear stress)(is a maximum at the neutral axis and is distedysarabolically

across the plane of the cross secfiais
P 2 2
= —|l(t/2) -
r {ZI }[(/ ¥ -y? 56]

with t being the thickness of the beam aritie distance from the neutral axis. At
increasing distances from the neutral axis, tharshg stresses gradually diminish,

ceasing to exist at the upper and lower boundafitise beamy( = t/2).

The infinitesimal volumedxdydz in Eq. 49, can be represented_as dy. Making this
substitution, along with that far in Eq. 56 and some additional rearrangement, one

obtains the relation fddsneas found in Eq. 57.
2
U rear = | Tav=L VP (ljz—yz Lwdy
srear v oG 2G -12| 21 (| 2

_PALwh® P2Lwt5( 12 jz 3P

[57]

T 8GI2Z 30 240G \wt)  BAG

From Eqg. 54, and substituting using Egs. 53 and5Blation involvingJ anddis found.

We = U = Ubending + U shear
PS5 _ P?L® 3P%L [58]
2 6El 5AG

Finally, by rearranging, the Langrangian equatimmdeflection in the single cantilever
mode is found as shown in Eq. 59.
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_PL, 6PL
3SI  5AG [59]

The 3-point bending case can be treated as twéesiagtilevers?! In this case, the
deflection for two single cantilever2/) should total twice that of on@)( so Eqg. 57
becomes Eg. 60.

pPL® , BPL
3SI  5AG [60]

20 =

From here a substitution is made @according to Eq. 58 and also for A,
S

21 +v) [61]

resulting in Eq. 62.
pPL® L 12PLA+v)

20 =
33| SWitS [62]

Solving forSgives Eq. 63.

PL® 12PL(1+V)
+

S=
64 10wt o [63]

Multiplying the second term on right side b§/L? and making a substitution involving

the stiffnessk) according to Eq. 64,

o [64]

gives Eq. 65.

< - KL® | 12KL®(1+v)
61 10 wil 2 [65]

Substituting forl according to Eq. 36, and multiplying the seconthten right side by
t?/t* leads to Eqs. 66.

KL®  KL*@1+v)
S = ,
6l 1C IL? [66]

Rearranging gives Eq. 67.
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P )|

6l | 10

oo KU KLU 1 t)
B [67]

Multiplying the second term on right side by 6/@lammplifying leads to Eq. 68.
KL® 6 t)’
S= 1+ —(1+v) —
6l { 10( )(Lj } [68]

Eq. 68 is identical to Eq. 32, which as previousigntioned is the equation used by the

DMA software to calculate the slope at each datatpo the s/s curve.

The direct Lagrangian solution of problems by emgathe external work to the internal
strain energy turns out to be useful in cases wbelgone force is applied to a member,
as in three-point bending. To understand elagstesns subjected to any number of
loads, a more general theorem for determining defles and rotations of any element is
needed. This theorem is associated with the ndr@astigliano (1847-1884), and when
applied to the simple case of an elastic beam lgasitly one applied load, the solution
simply becomes that of the Langrangian equatiom&iection in the single cantilever

mode’* shown in Eq. 59.

In order to determine not only elastic deformatibnsalso deformations due to
temperature changes, plastic deformations, ancttios to misfit of the fabricated
elements, a still more general procedure basetiendncept of virtual work is

required’ When the virtual work concept is applied to fthe deflection at a point for

the simple case of a linearly elastic beam, thetgol becomes that of Castigliano’s
theorem’* Following, in the case of a single applied lo&gf. bending), Castigliano’s
theorem in turn simplifies to the Langrangian egurafor deflection in the single
cantilever mode. When this equation is rearraragetithe deflection is doubled to
account for the use of two single cantilevers fwesent three-point bending, it becomes
the equation used by the DMA software to calcullageslope of the s/s curve at each data

point.
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A-3 Maximum Strain Equation in Three-Point Bending

With the equations. foghax andS known, the equation fagyaxis derived from a

modified Hooke's Law.

S [69]

SinceSis the slope at each point, his relation remaaigl\even for the nonlinear region
of the s/s curve. This is only true however, wBas applied to each data point

individually. Thus,Scan be used to relateandeg, resulting in Eg. 70,

PLt _ 3PL
- 2
£ = : 41 wt :
KL 1+6(1+v)(tj L70]
6l 10 L
which simplifies to Eq. 71.
6ot

max , 6 t 2
2L 1+10(1+u)L [71]

Eq. 71 is identical to Eq. 33, which as previouslentioned is the equation used by the

DMA software to calculate the maximum strain.
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Appendix B: Large Optical Micrographs of the

Cross-Sections of the Electroformed Nickel

Composites
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Figure 101. Cross section of Ni- Ov% BaTig) Top A

Figure 102. Cross section of Ni- Ov% BaTig) Middle B
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Figure 103. Cross section of Ni- Ov% BaTig) Bottom C

Figure 104. Cross section of Ni- 3v% BaTig) Top A
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Figure 106. Cross section of Ni- 3v% BaTig) Bottom C
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Figure 107. Cross section of Ni- 12v% BaTig) Top A

Figure 108. Cross section of Ni- 12v% BaTig) Middle B
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Figure 109. Cross section of Ni- 12v% BaTig) Bottom C
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