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CHAPTER 1: Introduction

1.1 Background
Multifunctional multimaterial structures combine te@al properties to meet

multiple functional requirements. These matereis often layered on top of one
another and bonded with adhesive. However, thagpstivision of materials at the

bonding location generates a weak interface thatlt®in stress concentration. For
example, an impact-generated stress wave that gatgmthrough the sharp interface
creates a tensile force as the wave transmits aend reflects off the interface [1].

The resultant stress can lead to debonding of d¢imeeg materials at the weak
interface.

One solution is to transition the interface throughmaterial gradient.
Functionally graded materials (FGM) spatially vargmposite microstructure or
composition to optimize resultant material prom=ti The microstructural
distribution of phases within a two-phase matecah be identified by three basic
types of morphologies: (1) dispersed, (2) aggregaiad (3) percolated [2]. As seen
in Figure la, a dispersed grain structure occursrwiine volume fraction of one
phase is low and is discretely and randomly disted within the dominate matrix
phase. As volume fraction of the minor inclusiohage increases, particle
agglomerates begin to form an aggregated stru¢kigeire 1b). With even further
increasing volume fraction, the minor phase wikthale a critical point called the
percolation threshold. At this point, long-ranggerconnectivity begins to occur

between particle agglomerates (Figure 1c).
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Figure 1: Basic types of heterogeneous two-phasearostructures: (a) dispersed grain structure,
(b) aggregated grain structure, and (c) percolatedluster structure [2].

Compositional gradients take advantage of multipégerial properties and avoid the
stress-strain concentrations that occur at shargprfates of different materials.
Dependent on the microstructure, material propentigry with position within the
gradient and can be used to tailor composite padoce and functionality. For
example, a functionally graded plate may be usegpplications of high temperature
and stress, where a thermal resistant materiaherexposed outer surface is graded
with an inner material that exhibits better mechahstrength. A two-phase graded
structure is shown in Figure 2, consisting of twwepbase materials at the ends and a
gradient microstructure in between. The gradieah de represented through

homogenization as a linearly varying compositio(x)yfrom x equal O to L.

Homogenized Representation

V(X) = (VL'Vo)(X/L) + Vo

-

0 X —» L

Figure 2: Two-component graded structure, for whichthe microstructure varies linearly from
one pure component to the other [2].



Natural structures, such as bamboo and bone, alsibiegraded material
distributions that optimize performance throughtighavariations in functionality.
Bamboo utilizes a hierarchical microscopic gradignticture of bundle sheath fiber
reinforcement to provide radial strength in resgottsbending loads [3]. Considered
a multifunctional material structure, bamboo isalap of providing the mechanical
support for the entire natural structure while aonently delivering nutrients from
the roots. Another example is natural bone, piigmanade of collagen and calcium
phosphate, which is relatively hard. A gradienpofes within the bone is naturally
tailored to allow for reduction in mass, increaseluctility, and permission of fluid
flow.

The fabrication of functionally graded materialsmnsst often hindered by the
variation of elastic, plastic, thermal, chemicahdakinetic properties within the
composite. Across a material interface, theseodiseuities in material properties
lead to the formation of residual stresses [4]site these challenges, compositional
gradient structures offer significant benefits. addition to utilizing the beneficial
properties of the pure base materials, the tramsibf thermal stresses across
materials with vast thermal expansion mismatchlmasmoothed, the magnitude and
critical locations of thermal and mechanical stesssan be tailored with geometry,
the onset of plastic yielding and failure can b&aged, and stress concentrations at
free edges can be minimized [5,6].

This section will introduce the challenges and rodth for fabricating

functionally graded metal-ceramic structures. Téestion will also discuss new



techniques for reducing fabrication costs and asirgy fabrication production

through bulk processing techniques.

1.1.1 Functionally Graded Metal-Ceramics
The properties of monolithic ceramics or metals et strongly on their

bonding characteristics, such as bonding lengthtemdling strength [7]. Ceramics
typically exhibit high hardness, low density andigin, brittleness, and excellent
high-temperature fracture, creep, corrosion, ramhatwear, and thermal shock
resistance. On the other hand, metals are typidalttile, have high tensile strength,
high toughness, and high density.

Many structures exist where desired performancesawith location within
the structure.  Multifunctional metal-ceramic stwres are well suited for
applications where both toughness and hardneseequéred. For example, knives
and other cutting tools must be hard on the cutédge. However, strength and
toughness are desired elsewhere. Another exasplgeéar, which exhibits different
requirements for the teeth and body. The teetth@fgear must be hard and wear
resistant to surface contact forces, whereas tae lgedy must be tough to withstand
fracture [5]. Similarly, armor applications requia hard outer surface and tough
inner surface, as seen in Figure 3. Upon progatipact, the hard outer surface
serves to blunt and to induce a destructive shaakewon the projectile. The tough
inner surface absorbs the residual kinetic energynfthe projectile remains [8].
However, conventionally bonded metal-ceramic plabesibit a weak interface that
affects stress wave propagation. Thus, a compasitigradient that eliminates the

sharp interface between materials is ideal forramoa package or any other energy-



absorbing application. In addition, the gradeckrfatce can be optimized to meet
desired ballistic performance. The compositionghdgent has been shown to
introduce a beneficial time delay to the reflectadrpeak stress wave propagation [9].
By delaying the time to initiate damage in the stuee, the FGM has greater dynamic

energy absorbing capacity than a non-graded bositdecture.

—

-

Projectile

Figure 3: Ceramic-metal armor plating.

Another military application is the developmentgséded metal-ceramic gun
barrels [10]. A ceramic inner barrel liner withmeetal-based jacket allows for the use
of higher energy propellants to deliver more endrgthe target or operate at longer
engagement distances. Metal-ceramic FGMs canbastesigned to take advantage
of the heat and corrosion resistance of ceramidgta mechanical strength of metals

in such applications as thermal or chemical basiigt].



The introduction of a material gradient to replacesharp interface presents new
fabrication challenges. The graded interface @andmsidered a continuous variation
in composite microstructure from one material phtasanother. In order to simplify
fabrication, this continuous transition in micrestiure is often approximated by
discrete layers of distinct composite compositi@ssseen in Figure 4. Properties of
these composite compositions are often modeled utg-af-mixtures (ROM) or
modified ROM formulations [2,6,12]. However, thetroduction of the material
gradient to replace the sharp interface does muiredte the formation of stresses due
to the mismatch of material properties. In faot, dertain geometries, the use of an
arbitrary gradient may result in higher local séresncentrations than in a non-graded
joint [13]. As a result, gradients must be caigftailored to reduce the formation of
these stresses, as described in the followingaectlhere are multiple ways to tailor
the graded microstructure, a popular one being wepdaw formula using an
exponent,p, to control the variation in volume fractiofi, as a function of the
distancey, along the graded interface normalized by itskifgss}.

X I

I

—

PO LS Dy ; f=1

= (x/i)W

Figure 4: Continuously graded structure and correspnding approximation using discrete layers.



1.1.2 Residual Stresses
Thermal and mechanical loading on a multimateri@ucture generates

residual interfacial stresses due to the discoityinmn material properties at the
interface. = The most common failure mode obsermvedonded metal-ceramic
structural components occurs as tensile edge efresghin the ceramic promote
crack propagation parallel and adjacent to therfeate [4]. The origin of stresses
caused by thermal loading for a bonded metal-caergrshown in Figure 5.

ceramic ceramic

ceramic ceramic

S |
[ERREE
PRttt

?
(B

initial state after cooling by AT: unconstrained: surfac_e forces
(stress-free) unconstrained displacement continuity applied for
at interface stress-free

surface
requirements

Figure 5: Initial and final states of a bonded methceramic composite when introduced to
thermal loading [4].

Removing the sharp interface by the use of an layer compositional
gradient between the pure base materials is cldmheficial. However, residual
stresses still develop at the new heterogeneoedanes introduced by the composite
compositional gradient. The thermal response amédsstgeneration within the
gradient during FGM processing has received sicguifi attention recently [2]. The
consolidation process typically introduces sigmifit thermal loads on the FGM
structure, particularly during cooling from the pessing temperature [14]. The
response to thermal loads of each microstructuoatposition in the structure is

unique. As a result, stresses develop in thetstrei@s the gradient consolidates and



cools at different rates. These residual stresaeseventually lead to cracking or
debonding of the FGM structure during fabricatiom conclusion, compositional
gradients can in fact be used to reduce metal-gerarterfacial stresses, but the
success of this approach requires knowledge ofurtail mechanisms and

microstructural effects to tailor the gradient eguired [13].

1.1.3 Fabrication of Functionally Graded Metal-Ceranics
This section will document popular fabrication nuth of functionally

graded metal-ceramic structures. The creationoafpositional gradients has been
demonstrated by many fabrication methods. In @algr, this research will focus on
powder processing techniques and the approprisisotidation methods.

A number of models exist for the design of the isphaariation of the gradient
composition [2]. One popular gradient functionthe aforementioned power law
distribution, such as Equation (1) used by Drekal.[15]. For this equation, the two

constituent phases are defined as materials 0 antiete f, is the local volume

fraction of phase Ox is the distance from the phase 1 interfdads,the thickness of
the gradient region, anglis an arbitrary exponent that controls the cumeatf the
gradient distribution.
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As seen in Figure 6, the curvature of the gradigsiribution can be made concave

upward or downward by selection fof
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Figure 6: Compositional gradients based on the powdaw for several values ofp.

Using the power law distribution, gradients can tadored to be more
sensitive to either base material using eitherrecaee up or concave down function.
Additionally, a simple linear distribution can &tile achieved by using an exponent
of one. Drakeet al. used the power law distribution to show that digant stress
and plastic strain reductions can be achieved byeasing gradient thickness and
tailoring the exponent to provide gradual composii change near phases that
exhibit high modulus and little plasticity, suchaesamic materials [15].

Powder Processing

The fluidlike behavior of powdered materials allofes a variety of green
(i.e., unconsolidated state) shaping processe$, asidie compaction. In addition,
there is a great deal of microstructural and comiposil control when working with
powder constituents. Conventional powder procgsgiroduces a green body of

powder with the desired gradient of phase voluraetions. This research will focus



on constructive fabrication processes rather thatural transport phenomena
processes. These constructive processes vary &iomple step-wise layering
methods to highly automated continuous distributoperations [5]. The discrete
layering method forms the green body by sequewntiatiding pre-mixed powder
compositions to a compaction die. Alternativelpntnuous distribution methods
attempt to eliminate compositional interfaces aljether by gradually increasing
phase content in some functional distribution. sTisi typically accomplished by a
highly-controlled spray process. Layering techemoffer the ability to build up the
graded region incrementally without the need fophssticated equipment to
continuously monitor the microstructure, which isrgical requirement in continuous
grading operations [1]. Accordingly, the discr&gering method is well suited for
operations focused on the inexpensive bulk manurfiaagt of graded products.
Following gradient fabrication, the green body mtistn be subjected to a
solid-state densification process. DensificatiofFGMs has been achieved by cold
pressing and pressureless sintering, by Hot Isosttessing (HIP), or by hot
pressing in a closed die [5]. A powder procesgaigication flow chart, based on

previous research [14], for gradient structureshiswn in Figure 7.
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Figure 7: Flow chart for the fabrication of functionally graded materials using powder
processing.

Pressureless Sintering
Sintering is defined as a thermal treatment for domy particles into a

coherent, predominantly solid structure via maasgport events on the atomic scale
[16]. When no external pressure is applied, thecess is known as pressureless
sintering. Pressureless sintering is an inexpensonsolidation method that can
produce a wide range of sintered geometries. Hewewithout external pressure
there is no restriction on the deformation of thesgmen during sintering, which can
lead to severe differences in differential shrirkag Despite this challenge,
pressureless sintering in a high temperature f@rmqaovides a simple consolidation

method well suited for the bulk manufacturing cddgd products.
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Sinter bonding tends to be temperature sensithgthe sintering temperature
is increased, sintering kinetics generally accéter®&article cohesion increases as the
porous interfaces between particles are consumeadcetasing temperature. As
sintering proceeds, grain growth begins to occuil same maximum is reached and
the sintering process is complete. Particle sige laas a significant role in sintering
kinetics. Previous work has demonstrated that -Biggrgy discus milling of
Aluminum-TiO, powder to produce JO(Al)/Al ,0O; composites reduces particle size,
which in turn accelerates the densification process increases the hardness of the
pressureless sintered composites [17].

The dominate matrix phase typically controls decaifon at low volume
fractions of the inclusion phase. As volume fractof the inclusion phase increases,
the inclusions can begin to resist composite deagibn and cause discrepancies in
the sintering rate. In particular, metals densifych faster than ceramics. As a
result, the densification of FGMs typically exhibineven shrinkage between
composition layers. This differential shrinkagearFGM structure can lead to the
formation of the residual sintering stresses disedgreviously.

Sintering kinetics can be modified to match thetesing rate of the two
powder phases. Particle size control can be usedontrol sintering rate by
modifying specific surface energy in an attemptathjust the free-energy gradient
[14,18]. Alternatively, small quantities of sintay aids can be added to the ceramic
phase to increase the densification rate and terlsintering temperature [19-21].

By modifying the sintering kinetics and matchinge thintering rates of the two
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phases, FGM warping and cracking during fabricatian be significantly reduced or
fully eliminated.
Sintering Aids

The sintering of Alumina (ADs), an important material in the field of
engineering oxide ceramics, usually takes pladegit temperatures between 1550-
1600 C [19]. However, the sintering of metal-ceracomposites is typically limited
by the relatively low melting point of the metaln the case of Nickel-Alumina
composite structures, this sintering temperaturdinsted to 1350-1400 C. The
ceramics industry has long used small amountsnmésng additives, such as Ti0O
MgO, SiQ, MnO,, Cr,O3, or FeOs, to influence the ceramic densification process by
reducing sintering temperature and increasing gganwth [19]. In particular, the
hardness of Alumina composites depends mainly ennticrostructural grain size
and the final density of the sintered samples [22].

Sintering aids are often applied to ceramics uaidgping procedure. Doping
processes typically require mixing with dissolvédiocides followed by hydrolization
with ammonium hydroxide [23]. These are often cboaped and time consuming
operations. In this research, the blending ofesing aids through the use of powder
ball-mixing will be explored as an alternative.

Previous work using Alumina has found Ti@ore effective than Mnfas a
sintering aid at lower sintering temperatures [20].this same study, Alumina was
sintered to 95% theoretical density at 1350 C usdngt.% TiQ. Conversely, the
pure Alumina sample without sintering additive omlyached 77.1% theoretical

density at the same temperature. In another sflid}s was added to a 10 wt.%
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Nickel-Alumina powder composite [21]. Using 5 wt.¥40,, the Nickel-Alumina
composite reached 97% theoretical density aftesgureless sintering at 1480 C.
The sintered sample without the TGi@dditive only reached 60% theoretical density.
Thermal-Behavior Matching Process

A spatial variation in porosity is created whende@owders are compacted.
Combined with composition surface tension and atommobility, the sintering
behavior of each powder composition has a uniquéersng start temperature,
sintering rate, and volumetric shrinkage [18]. f&i&énces in sintering behavior that
cause differential shrinkage within the gradierguie in the formation of residual
stresses that can lead to fracture or debondingyat interfaces. These residual
sintering stresses must be minimized in order tascbdate crack-free FGM
structures.

A thermal-behavior matching process attempts tausadihe free-energy
gradient to modify sintering behavior. This islugnced by the initial pore fraction
and particle size distribution of each phase irhdager. Winteret al. has developed
a thermal-behavior matching process for Nickel-Al@ncomposites by setting an
appropriate relative green densification target awjusting sintering rates by
utilizing particle-size distributions and binderdét/es [18]. This processing strategy
using discrete layers of Nickel-Alumina compositenpositions is described below.

The relative green density of powder layers camb&hed using particle-size
adjustments or the addition of a binder that candmeoved before sintering. This
technique eliminates the substantial variatiomitial density due to the unique pore

fraction in each layer. As seen in Figure 8, thkative green density was well
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matched using binder additives, particle-size adjest, and a compaction pressure

of 88 MPa [18].
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Figure 8: Effect of binder and particle-size adjusinent on the relative green density of Nickel-
Alumina composites [18].

Bimodal particle distributions can be used to reduotal volumetric
shrinkage, slow the sintering rate, and increasesihitering start temperature. This is
especially appropriate for the pure Nickel layehiekh shrinks sooner, faster, and
more completely than any other composite layeroBel0 vol.% Nickel, sintering is
dominated by the low surface energy of Alumina @hé Nickel phase behaves
similar to porosity in the Alumina matrix. The 48d 60 vol.% Nickel layers behave
similar to very porous compacts where pore rembealomes very difficult. These

two layers exhibit a substantial decrease in smgerate and total volumetric
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shrinkage. Above 70 vol.% Nickel, the Nickel matdominates densification and
substantial volumetric shrinkage is observed.

Thermal-matching can be used to modify sinterirggtsemperature, sintering
rate, and volumetric shrinkage to minimize diffdrehshrinkage. As seen in Figure
9, a successful study has utilized particle sizegrobto match the sintering behaviors
of SUS304-PSZ composite powders [14]. Minimizihgs tdifferential shrinkage will
reduce residual stresses that can cause prematalang or debonding during the

sintering process.
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Figure 9: SUS304-PSZ composite shrinkage before fileand after (right) sintering behavior
adjustment by particle size control [14].

1.1.4 Bulk Molding Strategies

Popular bulk processing techniques utilized by cemumal powder metallurgy
and concrete industries can be adapted to thec#édion of powder processed
gradient structures. Combined with the processigahniques presented in the

preceding sections, bulk operations can be accshgdi by featuring large-scale
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powder mills and furnaces. Instead of using irdiial compaction dies, specimens
can be fabricated within large molds, often comsjstof tens to hundreds of
individual mold cavities. Using step-wise discritgering methods and pressureless
sintering, large numbers of graded products coltichately be produced quickly,

cheaply, and reliably.

1.2 Research Objectives
The objective of this research is to advance thderstanding of graded

metal-ceramic composite fabrication to enable tbermercial bulk processing of
products from graded metal-ceramic composites. meet this challenge,
conventional powder processing and pressureledsrisig techniques have been
employed using nanopowder Ti@s a new sintering aid to control the evolution of
shrinkage strains and mechanical properties wighadient structures. A systematic
effort was undertaken to produce large numberoofposite specimens from Nickel
and Alumina powders. These composite specimens preduced over a wide range
of phase volume fractions in both homogeneous flarmuantify sintering behavior,
and as graded structures to investigate crackiog fshrinkage-induced stresses
during the sintering process. These shrinkageeeduesidual stresses developed
during the sintering process can be predicted usingecently developed two-
dimensional microthermomechanical finite elementdeio To develop the basis for
the bulk processing of graded metal-ceramic prajuctprototype commercial bulk
molding technology had to be developed and instriatk in order to study the

effects of processing conditions on more geomdlyicamplex gradient structures.
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This section outlines the scope of the researchfamthmental contributions made to

the metal-ceramic scientific community.

1.2.1 Research Goals
First, this research will explore the effects afamopowder sintering additive

applied to functionally graded specimens. Emphasis be placed on a simple
powder blending method and complicated doping mios will be avoided.
Sintering behavior, microstructural changes, andratteristic properties will be
documented. Monitoring the sintering behavior wtidct composite compositions
will enable the development of a finite element o predict the effects of the
nanoparticle sintering aid on the evolution of skaige strains and mechanical
properties in each composition. As a result, thdel will predict cracking from
shrinkage-induced stresses when the composite itigns are employed in a
discrete layered gradient structure. Secondly,merial bulk processing methods
will be investigated. To produce geometrically-gdex graded metal-ceramic
specimens, the goal is to develop a laboratoryedoalk molding assembly similar to
technology developed for the concrete productsstrgiu

The main focus of this research is to advance lm#al-ceramic FGM
production by developing technologies and proceslucereduce fabrication time,
complexity, and cost. For this reason, conventiopawder processing and
pressureless sintering will be employed. Fully smidated, crack-free FGMs are
desired without resorting to complex procedureghsas chemical doping or Hot

Isostatic Pressing.
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1.2.2 Scope of Research
This research investigates the fabrication of gilagetal-ceramic composites

using pressureless sintering with a new nanoparsaitering aid and commercial
bulk molding technology. Chapter 2 focuses onpifeeessing procedures and results
of using a nanopowder TiXintering aid for Nickel-Alumina composites. Thasic
powder processing fabrication techniques applieceveitiined in previous research
[23]. The use of nanopowder Ti@s a sintering aid for graded composite structures
had not previously been investigated. Therefdreyas necessary to quantify the
nanoparticle effects on the evolution of shrinkatyains and mechanical properties in
order to predict shrinkage-induced stresses inigmadrchitectures.

For the evolution of shrinkage strains, a previgudeveloped porosity
reduction calculation is presented in Chapter 2 tpaantifies the evolution of
porosity consumption during the sintering proce$bese calculations are important
in understanding and overcoming the differentialirddage problems encountered
using intermediate gradient compositions that werediscretely quantified as well
as thermal profiles that deviate from those employethis investigation. No prior
research effort has studied the evolution of poyoseduction when nanoparticle
sintering aids are employed.

The modeling of shrinkage-induced stresses in gradarchitectures is
described in Chapter 3 using a two-dimensional otih@rmomechanical finite
element analysis (FEA). The focus of the modeilintp understand the effects of the
nanoparticle Ti@ sintering aid on the graded Nickel-Alumina compesi A
description of the model is given and the assumptimcluded in the model are

discussed. Ultimately, the FEA model providesdbéity to predict the stresses that
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are produced during sintering for the desired gepmand gradient architecture.
This model allows for the development of viable digat regions that minimize
required layer thickness prior to the fabricatiéthe actual composite.

The fabrication of model graded metal-ceramic dgirs is also discussed in
Chapter 3. These model graded cylinders can biajieely examined for cracking
and the axial variation of the diameter, or theodeid profile, of the specimen
qguantified in order to compare directly with the ARredictions. Furthermore, the
local mechanical properties of the graded metaoer composite were quantified
using microhardness testing and compared with ssfree homogeneous composite
specimens to understand the effects of the eveolutib local shrinkage-induced
residual stresses on the global sintered composite.

In Chapter 4, the focus of the work shifts to tleelopment of commercial
bulk molding technology to fabricate geometricailynplex graded plate specimens.
In this chapter, the construction of a laboratargls processing system based on
commercial concrete molding technology is described prototype mold was
instrumented with strain gages in order to inveddgthe dynamic response of the
mold under different processing conditions. A fastirier transform (FFT) is used to
quantify critical characteristics of the modal resge and the effect of modifying the
mold with new nanofiber-reinforced polymers. Aiitial investigation into the bulk
processing of graded metal-ceramic composites es initiated using a variety of
gradient architectures that were qualitatively elterized for cracking. A few
processed specimens were then chosen for moreougomicrostructural and

microhardness characterization.
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1.2.3 Scientific and Technical Contributions
The ceramics community has long established théioesintering aids, such

as TiQ, can be used to lower sintering temperature acie@ase densification of fired
monolithic ceramics. This research applies nanaleow O, to functionally graded
metal-ceramic structures for the first time. Namwger TiQ is added using
conventional powder mixing and no doping procedsinesed. For the first time, the
evolution of shrinkage strains and mechanical pitogese due to the addition of a
nanoparticle sintering aid in metal-ceramic comiassi has been quantified.
Additionally, previously developed porosity redectimodels have been employed
for the prediction of the nanoparticle sinteringl a&ffects on the composites and
corresponding shrinkage curves.

The fabrication of crack-free graded cylinders tlggmonstrate higher
hardness and less porosity has also been achiatledhe nanoparticle sintering aid.
Increasing the hardness of the FGM structure igeexly beneficial to many
applications. For example, for most armor packathes hardest outer material
possible will provide the best level of ballisticopection [8]. Using the porosity
reduction models for predicting the evolution ofiskage strains and mechanical
properties, it was possible for the first time taegict shrinkage-induced stresses
when using a nanopatrticle sintering aid with a esty developed two-dimensional
microthermomechanical finite element analysis aadekxperimentally verify the
model using the deformed profile of the gradedndigirs.

This research also investigates for the first tithe bulk processing of
geometrically-complex graded metal-ceramic platasedd on commercial molding

technology used in the concrete products indust®y.laboratory-scale processing

21



system has been developed using a prototype madidbtacate modular hexagonal
gradient structures. The successful fabricationtl#ése hexagonal specimens
demonstrates the ability to cheaply and effectivelgss produce modular metal-
ceramic FGMs.

In summary, this research advances the understaradinhe processing of
graded metal-ceramic composites, a field that lftas deen limited to expensive and
complex manufacturing techniques. The contribiomade by this research will
open new pathways to the ultimate goal of the coroiale bulk processing of

products using graded metal-ceramic composites.
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CHAPTER 2: Fabrication and Characterization of Metal-
Ceramic Composites Including a Nanoparticle Sinteng Aid

2.1 Introduction
Traditional powder processing and pressurelessersigt techniques have

been applied to metal-ceramic gradient structurasihclude a nanopatrticle sintering
aid. Steel dies are used to fabricate discreterdaly Nickel-Alumina composite
gradient structures. This section will describe thbrication processes and property
characterization of the resultant composites. Busly developed porosity and
sintering models will also be adapted to charantethe sintering behavior of these
composites. Ultimately, characterization of théeets of the nanoparticle sintering
aid will allow the development of a model to predibe evolution of stresses in

gradient structures containing the sintering ai€apter 3.

2.2 Material Selection
The fabrication of functionally graded materialguges careful matching of

constituents, in this case metal and ceramic pasvd&he firing treatment applied to
the powders must be kept below the absolute mefimigts of the materials. As
such, melting temperature acts as the limitingdiaéh the solid-state sintering
process. The material with the lower melting terapge limits the achievable
maximum sintering temperature for the entire contpos Sintering temperature
relative to the melting point of the material igtical to the amount of sinter bonding
that occurs. Consequently, the material with tighér melting temperature does not
reach the same extent of sinter bonding as therialatgith the lower melting

temperature [13].
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Due to the relatively low melting point of most ralst the choice of
appropriate ceramic systems is limited. Howevepopular metal-ceramic system
frequently used to create FGM structures is Niddeimina [1,4,12,13,15,18,21,23-

28]. Properties of Nickel and Alumina are presdnteTable 1.

Table 1: Standard properties of Alumina and Nickel[16].

Property Alumina | Nickel
Composition AO3 Ni
Density (g/cm) 3.96 8.9
Crystal Type Hexagonal FCC
Melting Temperature ( C) 2054 1453
Elastic Modulus (GPa) 405 214
Poisson’s Ratio .26 31
Yield Strength (MPa) 300 130
Fracture Toughness (MPa) 2 —
Hardness (HV) 1500 40

2.2.1 Particle Size
In order to tailor composite microstructure, diserparticle reinforcement is

desired. By controlling the particle sizes andesiatio between the matrix and
inclusion phases, it is possible to obtain adeqaster bonding in the ceramic-rich
compositions and acceptable mechanical propeniethe metal-rich compositions
[13]. A small particle was used for the dominardtnx phase and a large particle for
the reinforcing inclusion phase. For notation @s$gs in this thesis, the content of a
compositional element will be denoted by volumecpat Nickel. Composite
elements below 50 vol.% Nickel are ceramic matwmposites (CMC) with large
Nickel reinforcing particles. Elements above 50.%o Nickel are metal matrix
composites (MMC) with large Alumina reinforcing pales. In composite theory,
the percolation threshold occurs when discretegh@anteinforcement transitions to a

microstructure exhibiting long-range interconneityiv As the percolation threshold
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of 50 to 60 vol.% for Nickel-Alumina compositesapproached, the phases begin to
form interpenetrating networks with less desirahkchanical properties [12,24]. For
this reason, the compositional gradient is revefsat a CMC in the Alumina-rich
regions to a MMC in the Nickel-rich regions. Tharcle sizes and suppliers for all

materials used in this research are given in TAble

Table 2: Base material powders used for this reseeln.

. Average Patrticle .

Material Type Size (m) Supplier
Nickel 123 3.9 Novamet, Wyckoff, NJ
HDNP 12.6 Novamet, Wyckoff, NJ

Baikowski Malakoff,
Alumina RC-HP 0.4 Malakoff, TX

Gilox-63 14.7 Alcoa World Chemicals

Tio, | . /\natase 0.015 Aldrich

Nanopowder

2.2.2 Nanopowder TiQ
Anatase nanopowder TiQvas chosen for use as a sintering additive in part

due to its availability and relatively low cost.n laddition, previous work has
demonstrated small quantities of TFiGcan promote grain growth at lower
temperatures in pure Alumina [19,20]. For thiseeesh, 3 wt.% nanopowder TiO
was added to the pure Alumina for use in all contposompositions. By this
methodology, Ti@ content is constant in the Alumina at 3 wt.% I total weight

percent in each composite composition decreasésiméteasing Nickel content and
decreasing Alumina content. Consequently, no, T$Gdded to the 100 vol.% Nickel
powder. The blending of powders was achieved bgomventional ball-mixing

process. Basic properties of Li@re presented in Table 3.
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Table 3: Standard properties of TiG, [16].

Property Titania
Composition Anatase TiQ
Density (g/cr) 3.9
Crystal Type Tetragonal
Melting Temperature ( C) 1830
Elastic Modulus (GPa) 282
Poisson’s Ratio .28
Yield Strength (MPa) 90
Fracture Toughness (MP) -
Hardness (HV) 910

2.2.3 Binder
Binder is typically added to powders in small quizeg to facilitate the

formation of unconsolidated green compacts. Hgrrésearch, a low-density organic
binder Q-PAC 40 (polypropylene carbonate,sCH,CH, CO;s, 1.3 g/cni) was used
in certain powder compositions. Previous work tiesionstrated that this particular
binder completely burns out during the firing cycleaving little or no residual
carbon behind [18]. Additionally, this same wotkcsessfully used this binder to
tailor compaction behavior and sintering perforneimca thermal-behavior matching
process. As the binder burns out at low tempesatuoids are left behind for the
powder to consolidate into. This additional popspeeds up densification early in
the sintering process. When combined with thectiele of an appropriate critical
compaction load (88 MPa) and particle size distrdry binder can be used to control
three important sintering parameters: (1) sintestagt temperature, (2) sintering rate,
and (3) total shrinkage [18].

To apply the binder to the powders, Q-PAC 40 wasalved in acetone in a
controlled weight percentage and added to the ppea@positions in predetermined

guantities. These quantities are based off of iputsvwork to match the relative
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green density and subsequent shrinkage curvesiéopawder compositions [1,18].

Binder quantities are given in Table 4.

Table 4: Weight percent Q-PAC 40 binder added by pader composition.

Composition | Binder

(vol.% Ni) | (wt.%)
0 3.5
5 3.9
10 4.1
20 3.5
30 4.1
40 3.5
60 1.1
70 0
80 0
100 0

The binder-acetone solution was added to the predrnpowder compositions
to form powder slurry. The acetone was then altbiceevaporate from the powder
slurry, leaving behind the previously dissolved P40 binder. Once dry, the
powder must be reground with a mortar and pesttk saeved through a 60-mesh

sieve to 250 m.

2.3 Powder Processing Technique
Powder processing begins with pure Nickel and Ahanipowders and

finishes as a composite green compact under c@slspr Steel compaction dies are
used to create individual graded structures. Thaton of a discrete layered graded
structure first requires the mixing of the base erals to appropriate composite
powder compositions. The FGM structure consistheftwo base materials on either

end of the specimen, with the desired compositigradiient layered between the two
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pure end layers, as seen in Figure 10. Figure dcurdents the entire discrete

layering fabrication process.

Pure Alumina (Ceramic)

Discretely
Graded
Layers

Pure Nickel {Metal)

Figure 10: Discrete layered FGM structure.

Pure Alumin: Pure Nicke
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Sintering Aids

A 4
Powder Mixing
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Grind and Siev

A 4
Layer in Die

\ 4

Cold Pres

Y
Sintel

Figure 11: Die-based discrete layered powder procsisig fabrication technique.
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2.3.1 Powder Preparation
Mixing time, methods, and available equipment hde=n varied in an

attempt to improve powder mixing and reduce patiabgglomerates. Moderate
success has been achieved by ball-mixing apprepgaantities of Nickel, Alumina,

and TiQ powders for approximately two hours. The pureshasterial powders are
blended in a glass jar with ten to fifteen Y2-in@raenic balls on a rock tumbler to

form the desired composite powder compositionegas $n Figure 12.

Figure 12: Ball-mixing assembly for preparing powde compositions.

Powders are mixed to form distinct composite contjprs for use as a
homogenous sample or within a gradient structiRewder combinations employed
by this research are given in Table 5. These powdmbinations, particularly the 5
vol.% Nickel layer, are based on previous work tl@amonstrated a more gradual
change in the gradient near the Alumina surfacedee favorable for achieving stress

reductions [15]. The pure Alumina (0 vol.% Nickéips been studied in small
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particle form (RC-HP), large particle form (Gilo)% and a bimodal form (85% RC-
HP, 15% Gilox-63). This particular bimodal Alumimas shown reduced sintering
characteristics, which may be beneficial for somaglgent structures [18,24,25]. Pure

Nickel is studied in bimodal form (50% 123, 50% HPNonly.

Table 5: Nickel-Alumina powder combinations used fothis research.

Alumina Nickel

Nickel | RC-HP |Gilox-63] 123 HDNP
(vol.%) | (.4 m) |(14.7 m)| (3.9 m) |(12.6 m)

0 X

0 X

0 X(.85) | X(.15)

5 X X

10 X X

20 X X

30 X X

40 X X

60 X X

70 X X

80 X X

100 X(.5) X(.5)

2.3.2 Die-Based Discrete Layering
Two steel compaction dies have been machined fopkacreation. The first

die is a 25.4 mm diameter cylinder. The secondiglia 31.75 mm sided square.
Both these steel compaction dies can be seen mrd=ig3. The first step in the
fabrication process is to spray the appropriatenadile zinc stearate dry powder mold
release. Powders are then added sequentialletdi¢h To determine the amount of
powder to add to the die, the desired sintered lyeknesst, must be multiplied by
the cross-sectional ared, of the die cavity to determine the final sintexedume of

the layer. This volume is multiplied by the thaaa density of the powder
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composition, jayer, based on a ROM formulation, to ultimately detevenihe mass of
the powder to addmayer, as follows:
Mayer = 7 layer AL 2

The appropriate mass of composite powder is themegabinto the empty die.
The die ram is lowered and allowed to rest on tindase of the powder, but no
additional pressure is applied. This procedurelkethe powder layer within the die.
The sequential discrete layering method employethisyresearch typically limits the
tolerance control of the layer thickness to apprately 0.6 mm between the high
and low points of the layer. The die is then regtband the next powder layer is
added in similar fashion. Once all required powdtEmpositions have been added to
the die, the entire die assembly is transferrea¢old press. Using the cold press, the
specimen is pressed to 88 MPa at room temperatutéhen removed from the die.
The finished green sample is then ready for théesig heat treatment in the

furnace.

Figure 13: Steel compaction dies used for the falration of powder processed graded structures:
25.4 mm diameter cylinder (left) and 31.75 mm sidedquare (right).
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2.3.3 Sintering Schedule
Previous work has developed a successful pressarsiatering cycle for

Nickel-Alumina composites [1,24]. Sintering temgeire is first ramped to 150 C
and held for 30 minutes to allow any accumulatedstoce within the samples to
burn off. The cycle then ramps to 400 C and igliel two additional hours to burn
out the organic binder previously added during pemoreparation. From here, the
cycle ramps to the full sintering temperature oA & and is held for four hours.
Finally, the cycle cools down to 0 C at a rate @0X/hr. The entire sintering

process was conducted under flowing Argon gas ¢wemt Nickel oxidation at high

temperatures. Figure 14 documents the full furrcycée.
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Figure 14: Furnace schedule used to pressurelesatsir green compacts to final form.

2.4 Experimental Fabrication and Results
The die-based discrete layering technique has hemd to produce a

substantial number of gradient structure specimeibese specimens have been

produced on a systematic basis by varying composifparameters. These
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parameters include binder content, Ti©ontent, phase composition, and layer
thickness. Due to the lack of sharp edges thatexnate stress, the cylindrical rod
geometry is well suited for specimen characterratvhen geometrical effects are
not to be considered. The emphasis of this segtioim characterize role of the
nanoparticle sintering aid on sintered compositegperties and sintering behavior.

For this reason, the square die is rarely uselisnrésearch.

2.4.1 Qualitative Results of TiQ Sintering Additive
The cylindrical rod die was used to process gradsémictures with varying

TiO, content to study the qualitative results of th&tesied specimens. Eight-layer
green compacts, approximately 20.5 mm in totalgresight, were studied. Powders
were layered sequentially within the die with thelldwing phase content: 0
(bimodal), 5, 10, 20, 40, 60, 80, and 100 vol.%Ks&lc Figure 15 presents the results
of several sintered structures with varying 7&@ntent location. The traditional non-
TiO, rod specimen, presented as sample 1 in FigurexXtbits considerably more
shrinkage on the MMC-side than the CMC-side ofgpecimen. The difference in
gradient shrinkage has caused a large crack at@+@&0 vol.% Nickel interface. In
this particular specimen, a small hairline cradoagxists at the 10-20 vol.% Nickel
interface. Adding Ti@to the 0 vol.% Nickel layer in sample 2 has caubed40-60
vol.% Nickel interface crack to grow significantlgrger. The gradient shrinkage
slope of the CMC-side of the composite has alsomgbd. The addition of Ti&to
the top layer seems to have a shrinkage effecheméarby Alumina-rich layers and
ultimately pulls the 40 vol.% Nickel layer furthaway from the 60 vol.% Nickel

layer. As seen in sample 3, adding 7itO the 60 vol.% Nickel layer only causes an
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even larger crack and “step-down” ridge effect kestvthe 40 and 60 vol.% Nickel
layers, whereby the edge of 40 vol.% layer is anislly raised above the 60 vol.%
layer. The benefits of using Ti(begin to become apparent when the additive is
included in the 40 and 60 vol.% Nickel layers img¢e 4. A small ridge still exists,
but the crack width has been reduced. Samplesl % darther reduce this crack size
by adding TiO2 to the 20-60 (i.e., 20, 40, 60) a&m®0 vol.% Nickel layers
respectively. Sample 7 contains i@ the 0-60 vol.% Nickel layers. The width of
the crack appears to have increased in samplet Théwverall final shrinkage of the
specimen is much more uniform. Finally, sampleo8timues this trend by adding
TiO, to all appropriate layers: 0-80 vol.% Nickel. Ckawvidth is similar to sample 7,
but this sample appears very close to a perfeatast. The final shrinkage of each
layer is very similar and no significant bulgestire gradient exist. The resulting
sintered gradient profile is much different thefpeocexhibited by the traditional non-

TiO, seen in sample 1.

No. TiO» Location

1 No TiO,
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6 5, 10, 20, 40, 60

7 | 0(Bi), 5, 10, 20, 40, 60

8 | 0(Bi), 5, 10, 20, 40, 60, §

Figure 15: Qualitative study of TiO, application to rod specimen gradients.
2.4.2 Layer Thickness and Composition Modifications
The role of layer thickness in specimen crackingswalso studied
gualitatively. By increasing layer thickness, desil stresses can be reduced at layer
interfaces. Crack-free samples were eventuallgdyred, the results of which will be
discussed in detail in Chapter 3. These sampiézeusubstantially thicker layers

than the samples studied in section 2.4.1 for, Tié@htent.
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Composition modifications were made by adding 3@ &0 vol.% Nickel
layers to the traditional eight-layer structuresigsting of 0, 5, 10, 20, 40, 60, 80,
and 100 vol.% Nickel. These new layers playeditical role in the production of
crack-free samples in Chapter 3 by reducing residtrasses at the critical 40-60
vol.% interface. Along with the conventional corsfimns, the sintered properties of
these new layers have been characterized for nhioobsre, porosity, and

microhardness in the subsequent sections of tligteh

2.5 Material Characterization
Material characterization is accomplished througheeg and sintered

geometry measurements, microscopy, and microhasdneasurements. These tools
are used to document the effects of J@y taking measurements on samples that do
and do not contain the nanoparticle sintering adsit Sintering behavior was also
characterized by taking measurements on samplespragiressive sintering
temperatures.

To characterize each powder composition contaimagopowder TiQ
single-layer homogeneous disks 5 mm in thicknese weduced. A control disk set
was created from powders lacking the F&aditive. The initial height, diameter, and
mass of the disks were recorded before pressursietsing. Functionally graded
specimens with multiple powder layers, in both wiac and square cross-sectional
geometries, were also created. Again, control $esnpere created for both the rod
and rectangular geometries using powders withcafTik, additive. Following the

sintering treatment in the furnace, the final hgiglameter, and mass of the sintered
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bodies were recorded to determine the final denany corresponding sintered
porosity.
2.5.1 Composite Microstructure

Composite microstructure is characterized usingrasmopy techniques on
sintered samples. Homogenous composite disks gvarded and polished to a final
0.05 m diamond suspension polish on a Buehler Ecomedriale speed grinder-
polisher. The final five-step polishing proceduteveloped for the metal-ceramic

composite specimens is given in Table 6.

Table 6: Final polishing schedule developed for siared metal-ceramic composites.

Surface Abrasive / Size Base Speeq (RPM)/ Tlme

Direction (Min)
SiC Paper 1200 Grit (P-4000) 150 / Complementary 5

LECO 6 m MetaDi Polycrystalline 150 / Complementary 5

Lecloth Diamond Suspension

LECO 3 m MetaDi Polycrystalline 130 / Complementary 3

Lecloth Diamond Suspension

LECO 1 m MetaDi Polycrystalline 130 / Complementary 2

Lecloth Diamond Suspension

LECO .05 m MetaDi Polycrystalline| 100 / Contra (Opposite 2

Lecloth Diamond Suspension

Following preparation of the homogenous disks, #&rom Versamet optical
microscope was used to image the specimens. As fsem the micrographs in
Figure 16, the Ti@did not change the discrete particle reinforcedrastructure or
introduce any additional agglomerates. The whitel dlack regions in the
micrographs correspond to Alumina and Nickel p&sicrespectively. The
limitations of the laboratory ball-mixing apparatpseviously described become
apparent when viewing the micrographs, where lgogéicle agglomerates are

exhibited in all composite compositions. Thesel@ggrates of the inclusion phase
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typically inhibit the consolidation of the compasduring sintering. The role of these
agglomerates on sintering behavior will be discdsse detail in section 2.5.4.

Improved ball-mixing on a more powerful mill woulelp eliminate some of these

agglomerates.

Composition . . -
(vol.% Ni) | Without | 2 With TiO ,

10

20

39
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60
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Figure 16: Micrographs of sintered homogeneous povedt composites.

2.5.2 Porosity
Porosity is considered from a macroscopic approadiere predictions are

made for the global response of the composite usohgme fraction and properties
of the individual phases [12]. Using geometry andss measurements from the
green and sintered homogeneous disks, the densitycarresponding porosity of
each disk sample can be calculated. To accomiblishfirst the initial volumey;, of
the green composite disk, a function of the initialght,h;, and initial diameterd;,

must be calculated as follows:

®3)

The disk diameter shrinkage, is based on the difference between the initia an
final diameters of the specimen, as seen in (43sufing isotropic shrinkage of the

composite, this can be used to correlate the iniblume to the final volumey;, in

(5).

(4)

(L-a) (5)
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Measuring the sintered final mad4;, allows the final density,, to be calculated in
(6). The disk diameter shrinkage then can be wgmdn to find the initial green

density, i, in (7).

_ Vi
Iy = M, (6)
ro=r.[1-a) @)

The initial and final sintered porosity can then daculated using the theoretical
maximum-fired density, . This theoretical fired density is based on & raf
mixtures formulation shown in (8) whekecorresponds to phase volume fraction.

The initial and final percent porositly; andP; respectively, are given by (9) and (10).

i = T'niVai ¥ 7,0, Va0, 8
ry - r.
p='n""i -100 ©)
!
[o-r
p= "' "100 (10)
!

This final percent porosity of the sintered homagen disks, as well as the
corresponding initial percent porosity, is presdnite Table 7. The final sintered
porosity profile is shown in Figure 17.

The results show that the use of 3 wt.% i@ a sintering additive
significantly increases the densification of eaclomposite powder layer.
Furthermore, the addition of the nanoparticle singeaid has had little effect on the
initial green density, which is an important factorthe thermal-behavior matching

process. The biggest decrease in porosity duéQgimfluenced densification occurs
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in the 10 and 20 vol.% Nickel compositions. Theafi porosity of the 10 vol.%
Nickel layer decreases almost 80% as porosity daiged from 20.6% to 4.2%.
Similarly, the 20 vol.% Nickel layer experiences/3% decrease in porosity from
22.2% to 6.0%.

With more apparent porosity than any other compagsdwder layer, the 60
vol.% Nickel layer presents an interesting caseeviBus work has used the bulk
modulus to determine the 60 vol.% Nickel layer éxisi a large amount of
microstructural damage due to phase debonding [IHjis accounts for the poor
sintering characteristics and high level of ponosit this layer. However, the TiO
still had a large impact, reducing porosity by 3@9®22.8%. Significant porosity is
also observed in the large particle pure Gilox-63mina. This powder composition
has extremely poor sintering characteristics at gimtering temperature and the
nanopowder TiQ has little effect on such a large particle sizéxcluding large
particle size powders, it is evident nanopowder;Ié@n be applied as a sintering aid
to reduce porosity not only in pure ceramics, s anetal-ceramic composites with

great success at a pressureless sintering tempeadtLi350 C.
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Table 7: Initial green and final sintered percent mrosity of homogeneous composite disks. The
percent decrease in final porosity due to the Ti@is shown.

Initial P; (%) Final P (%)

Composition | Without | With | Without | With | Decrease
(vol.% Ni) TiO, TiO» TiO» TiO» (%)
0 (RC-HP) 42.0 44.1 18.8 7.0 62.7
0 (Gilox-63) 41.5 38.8 40.8 36.1 11.6
0 (Bimodal) 39.1 41.7 22.3 17.0 23.9
5 38.5 44.0 19.8 6.2 68.5
10 40.8 42.0 20.6 4.2 79.5
20 38.3 41.1 22.2 6.0 72.9
30 40.9 40.3 26.3 9.8 62.7
40 37.7 38.9 25.3 10.8 57.2
60 45.5 46.0 32.6 22.8 30.0
70 45.8 45.2 25.9 16.1 37.8
80 46.9 46.8 15.8 10.6 33.0
100 46.0 — 7.9 — —
50.0
Initial
40.0 A
< —=- Without TiO2
S 30.0 -
> —- With TiO2
‘0
o
S 20.0
o
10.0
0.0 T T T T T
0 20 40 60 80 100 120
vol.% Ni

Figure 17: Initial and final porosity profiles of homogeneous composite disks.

2.5.3 Microhardness
Vickers microhardness is characterized using a aWilsnstruments MO

Tukon Microhardness Tester. Loading is set at®@dd held for 15 seconds on the

surface of the sample using a standard 136 Vicl&mnond pyramid indenter. The
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TiO, has already demonstrated a significant role imicedy sintered porosity, which
in turn has an effect on the hardness of the gidteomposites.

Homogeneous composite disks were characterizedd figeparation followed
the same grinding and polishing procedure preseeslier. A minimum of four
microhardness measurements were taken on each kaemg composite disk
sample. The average measured Vickers microhardme$scorresponding percent
increase due to the inclusion of the TiSintering additive is given in Table 8.
Reviewing the data, the TiGsintering additive has increased microhardnesallin
applicable composite compositions. The largest gademonstrated in the 40 vol.%
Nickel layer where microhardness has been increagguoximately 85%. The
variation of the Vickers microhardness profile atale to the microhardness of pure

RC-HP Alumina with TiQ, for the entire composite disk range is show guFe 18.

Table 8: Average Vickers microhardness (HV) of sirdred homogeneous composite disks.

Composition | Without With Increase
(vol.% Ni) TiO> TiO> (%)
0 (RC-HP) 911.8 1027.0 12.6
0 (Bimodal) 821.0 902.1 9.9
5 741.1 806.2 8.8
10 667.9 759.2 13.7
20 269.1 355.0 31.9
30 248.3 316.9 27.6
40 119.5 221.4 85.2
60 37.0 63.5 71.3
70 84.8 132.2 55.9
80 75.1 86.2 14.8
100 (Bimodal)| 52.7 - -
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Figure 18: Variation of average Vickers microhardness for sintered homogeneous composite
disks relative to the microhardness of pure RC-HP Aimina with TiO .

In order to understand the relationship betweemsty in Table 7 and the
Vickers microhardness measurements in Table 8weepaw formulation was used.
In this formulation, the powder is assumed to librae-phase material consisting of

matrix volume fraction, v particle volume fraction,v

' Ymatrix ?

and porosity.

particle »
Consequently, the final volume fraction of the matnaterial in the composite is
given in (11). Using this final volume fraction dhe matrix, the power law
formulation is given in (12).

(v =1- (Vyaricle) final = P (11)

matrix) final
HV = ( Vmatrix) final )” HVrr?ure (12)

In (12),n is a power law exponent aridV ™ is the Vickers microhardness of the

fully dense pure matrix material. The valuesnofre determined from fitting the
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microhardness data. Using the microhardness nmeasmts of the pure RC-HP
Alumina with and without Ti@ the values ofHV ™ could be determined. The

resulting values for Alumina and Nickel as the nxatnaterial can be seen in

Table 9.

Table 9: Components of the power law formulation fo Vickers microhardness as determined
from experimental data.

Matrix Material HV he n
Alumina 2100 4
Alumina (W/ TiG,) | 1325 35
Nickel 53 0.25

Reviewing these results, the microhardness forfullg dense pure Alumina
without the nanoparticle sintering aid would berhe&0% greater than what would
be obtained using the sintering aid. However,higler microhardness in the non-
TiO, ceramic is attributed to the higher volume fractiof the matrix material
concurrent with a lower porosity at higher sintgritemperatures. Indeed, the
addition of the nanopowder Tjntroduces impurities to the RC-HP Alumina, which
are known to reduce strength and hardness. Thiéaaddf the nanopowder Ti©
also results in a lower sensitivity, or a lower gowaw exponent, to the volume
fraction of the matrix material. This can also dmnsidered as less sensitivity to
composite porosity. Thus, for pressureless simjeprocesses for graded metal-
ceramic composites, where the control of porogtiimited by the melting point of
the metal, there is a distinct benefit in reducthg porosity through the use of a
nanoparticle sintering aid. However, for pressassisted thermal processes like Hot
Isostatic Pressing, this benefit will most likelg bbst. For the fully sintered pure

Nickel, which does not use the nanoparticle sintgaid, the microhardness would be
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less than the Alumina by over an order magnitudkvaould also be less sensitive to
porosity by an order of magnitude.

Vickers microhardness measurements were also @otéiom graded rod and
square specimens. The evolution of hardness imadient structure is heavily
influenced by the residual stresses and shrinkagest@ints produced by the
compositional gradient. Reducing shrinkage comggaby modifying the sintering
kinetics of the gradient can boost the hardnesshefentire specimen. While a
thermal-behavior matching process has been adaptakl specimens from previous
work [1,18], the use of the TiGsintering additive further alters sintering kimsti
These changes in sintering behavior will be diseds# detail in the following
section.

The first gradient structure studied was an eighiet cylindrical rod
specimen. The following powder compositions, idesrof sequential layering within
the die, were used: 0 (bimodal), 5, 10, 20, 40,880,and 100 vol.% Nickel. One rod
was constructed using powders containing the, B@tering additive and one rod
without the TiQ. The green specimen containing Ti@as approximately 20.5 mm
in height. A previously made rod specimen, apprately 23.5 mm in green
specimen height, was used for the non.li©d. As seen in Figure 19, both
specimens experienced cracking at the 40-60 vol.izkeN interface during the
sintering process. To properly test the structuites samples had to be grinded and
polished to a flat surface at one point along tineumnference of the cylinder. The

final sintered layer thickness at this locatiogiigen in Table 10.
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Figure 19: Non-TiO, rod (left) and TiO, rod (right) specimens.

Table 10: Sintered layer thickness (mm) of rod spé&mens used for microhardness profile

evaluation.

Layer Rod Without Rod With
(vol.% Ni) TiO» TiO»
0 (Bimodal) 2.7 2.2

5 2.9 2.1

10 2.0 2.1

20 2.5 2.1

40 2.5 2.5

60 3.6 2.8

80 2.8 2.1

100 2.3 2.1
Total Height: 21.3 18.0

Vickers microhardness measurements were taken isggllle down the
length of the polished surface. The Vickers miarolmess profile for both rod
specimens is presented in Figure 20. Reviewingrékalts, the rod microhardness
profile is similar to the homogeneous disk profégcept in the 0, 5, 10, and 20 vol.%
Nickel regions. Residual sintering stresses appedrave a significant effect on
hardness in these regions. Previous modelingtsfftgscribing the stress evolution
in a pressureless sintering process have inditchtddhe stresses are compressive in
the 5, 10, and 20 vol.% Nickel region and tensileéhe O vol.% Nickel region [28].
Compressive pressure aids porosity reduction, wincheases hardness, while the

tensile pressure in the 0 vol.% Nickel region heesdpposite effect.
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Figure 20: Vickers microhardness profile by distane along rod specimen gradient.

The second gradient structure studied was an &gbt- square specimen.
Unlike the rod specimen, the gradient used in theaee geometry did not contain a
pure Nickel layer. Instead, a secondary 60 vol.%k&l layer replaced the pure
Nickel layer in an attempt to limit MMC-side shriudfe of the structure. In order of
sequential layering, the following powder compasis were used: 0 (bimodal), 5,
10, 20, 40, 60, 80, and 60 vol.% Nickel. Againg@guare sample was made with
TiO, powders and one without. Green compacts wereoappately 26.5 mm in
height. The grinded and polished square specimanse seen in Figure 21. The

TiO, square experienced cracking at the 40-60 and 680 Nickel interfaces.
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The non-TiQ square cracked at the 5-10 and 40-60 vol.% irceda The final

sintered layer thickness on the polished side @st@mples is given in Table 11.

Figure 21: Non-TiO, square (left) and TiO, square (right) specimens.

Table 11: Sintered layer thickness (mm) of squarepgcimens used for microhardness profile

evaluation.

Layer Square Square With
(vol.% Ni) | Without TiO , TiO>
0 (Bimodal) 3.3 3.0

5 3.0 2.7
10 3.0 3.0
20 2.7 2.6
40 2.8 3.4
60 3.2 3.2
80 2.8 3.4
60 2.9 1.8
Total Height: 23.7 23.1

Vickers microhardness measurements were again sdaurentially down the
length of the square specimens. The resultingahandness profile can be seen in

Figure 22.
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Figure 22: Vickers microhardness profile by distane along square specimen gradient.

The square sample with TiQecorded the highest Vickers microhardness of
all the gradient structures tested. Profile shiapeery similar to the rod specimens
previously tested, where peak microhardness isrebden the 5 vol.% Nickel layer.
The same explanations for residual stress behasaor be made to explain the
resulting evolution of the microhardness profil&dditionally, both the rod and
square samples with TjOshowed large improvements over the nonzTiO
counterparts. The 60 and 80 vol.% Nickel layertharod sample recorded the most
significant Vickers gains, posting increases ofro¥80%. The gains in Vickers

microhardness for both the rod and square samptgsrasented in Table 12.
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Table 12: Average Vickers microhardness (HV) by lagr in rod and square gradient structures.

Rectangular Specimen Cylindrical Specimen
Layer Without | With Increase | Without | With Increase
(vol.% Ni) TiO> TiO> (%) TiO> TiO> (%)
0 (Bimodal) 589.9 679.8 15.2 439.5 5822 32.5
5 867.2 981.5 13.2 509.4 936.4 83.8
10 725.0 875.9 20.8 458.3 822.9 79.5
20 513.9 668.2 30.0 348.5 540.9 55.2
40 202.0 288.4 42.8 172.1 2072 20.4
60 104.3 113.0 8.4 27.4 59.C 115.2
80 125.8 146.3 16.4 36.4 91.( 150.1
60/ 100 84.6 93.8 10.9 54.4 59.0 8.5

2.5.4 Sintering Behavior
Constitutive models often consider metal-ceramimposite powders as a

three-phase material consisting of voids, ductiketahparticles, and brittle ceramic
particles [28]. The behavior of each phase isirdistin which the metal particles
deform elastoplastically, ceramic particles deforefastically, and porosity,
represented by void volume fraction, is directliated to the shrinkage. Considering
these phases, the gradient structure is dividedtimee regions: (1) regions of pure
metal or pure ceramic, (2) a metal matrix with &rginforcing ceramic particles, and
(3) a ceramic matrix with large reinforcing metaricles. The sintering process is
described in Figure 23 where diffusion between igag forms solid bonds that
reduce surface energy by reducing interfacial aksamatrix particles sinter between
themselves and around the reinforcement partip@®sity is reduced. Specifically,
sharp increases in porosity reduction are obseasdintering begins due to the
nucleation of loosely packed particles. As simgrcontinues, porosity consumption
levels off due to the lack of small pores remainiogconsume as well as the lack of

energy to overcome the surface energy of the lp@e sizes that remain [25].
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Additional reductions in porosity can occur dudhe formation of matrix shrinkage-
induced microstresses that lead to plastic defoomatf the ductile metal phase [28].
Porosity between

matrix-reinforcement Ma_trix
particles particles

Porosity in-
between matrix Isotropic
particles shrinkage TN

Before sintering After sintering

Figure 23: Densification behavior of matrix particles, reinforcement particles, and porosity
during pressureless sintering [28].

The sintering behavior of the composite powder oositpns was
characterized by studying homogeneous disks sohtéoe progressive sintering
temperatures. Temperatures of interest were 7386Q,C, 1150 C, 1350 C without
hold, and 1350 C with normal four hour hold tim&he linear shrinkage of the disk
diameter was recorded at each sintering temperatiVete that 30 and 70 vol.%
Nickel compositions have not been characterizetdn-TiO, form; therefore, for
lack of comparison these powder compositions hagenbremoved from the
shrinkage characterization study.

The presence of the TiGsintering additive significantly alters sintering
kinetics. For powder compositions 60 vol.% ands|dbe sintering rate has been
increased. On the other hand, the 80 vol.% laydiibds a slower rate. As a

consequence, the Ti@owder curves tend to converge more so than tigenal non-
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TiO, curves. In support of thermal matching theorg, thore the lines converge on a
single sintering rate profile, the less differehsiarinkage occurs. Figure 24 presents

this convergence in a combined plot of all theséesing curves.

18.00

—&— TiO2 Powders

16.00 1 &— Non-TiO2 Powders

14.00

12.00

10.00 ~

8.00 -

Linear Shrinkage (%)

6.00

4.00 4

2.00 ~

0.00 T G T \

600 700 800 900 1000 1100 1200 1300 1400
Temperature (C)

Figure 24: Convergence of shrinkage rates for TiQpowders versus non-TiQ powders. 100
vol.% Nickel is not included.

To understand the effects of the nanopowder, Bi@tering aid on shrinkage,
previous research on the modeling of the shrinkbgkavior of metal-ceramic
composites was used [25]. A Weibull power law tidependent exponential
equation, consistent with the Kolmogorov-JohnsoriMevrami (KIJMA) kinetic
theory of nucleation and growth, was used as thasbfar the model to fit the

shrinkage data. The equations used in the sigtenmdel are as follows:

eft) = c,fL- &) (13)

de e
o c,Cn(t" et (14)
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In (14), the power law exponen, also obeys a power law thermally-dependent
exponential relationship as follows:
n(T):cz(l- e °3Tp) (15)

Fitting the shrinkage data from sintering experitsemt progressive sintering
temperatures, the unknown coefficientg ci, C;, c3, and exponenfp can be
determined.

Agglomerated particles can introduce additionabpity to the composite that
can be characterized using a previously develomedsgy reduction model [24].
This additional porosity associated with the aggtaaed particles is not removed
during sintering, thus it acts to retard the shagek of the particle-reinforced
composite. To address this effect on sinteringalig, the sintering model must be
modified using the data from the previously devebbporosity reduction model and
the fits of the KIMA sintering model to the pureck&l and pure Alumina specimens.
The additional porosity is assumed to reduce tfect¥e volume fraction of matrix
material that will actually sinter(/marix)sinterea ThisS additional porosity can be
associated with the matrix material, which effegtyvchanges the volume fraction of
porosity in the matrix. Consequently, the volumacfion of the sintered matrix
material can be determined from its impact on thal fvolume fraction of porosity in
the matrix, ((/horositymatrinfina, USINg the final volume fraction of the matrix,
(Mmarriiinal, @nd the initial and final porosity of the pure tmamaterial, Ppure, as

follows:

P

— pure
((Vporosity)malrix )final - (Vmatrix ) final 1- + (Vmatrix )sintered 1-

1- P
Pure initial pure fina| pure intial

(16)

P P

pure pure
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The left hand side of Equation (16) can now be eblw terms of iatrixfinal
using equations from the porosity reduction modehis allows the volume fraction
of sintered matrix material to be determined ugumgj the initial and final volume
fraction of measured porosity in the compositesand P; respectively, which are
found in Table 7. Assuming the volume fractionpafrosity associated with the
matrix, (Vporositymatri» d0€S Not change with volume fraction of the mafrie., it is

constant), it can be expressed as follows:

(VPOFOS"Y )matrix _ I:)pure
% 1-P

matrix pure

= constant (17)

In Equation (17), the volume fraction of porosétysociated with the matrix
material is computed using the known volume fractid the matrix materialmatrix,
and the known ratio of porosity to matrix materidlhe valuePpr is the amount of
porosity in the pure matrix material. Next, theqmity associated with the presence
of the reinforcing inclusion phas@jorosityparticle, 1S Simply the difference between the
porosity in the composite materid, and the partial volume fraction of the porosity
due to the matrix phase:

(V porosity Jparticle = P = (V porosity Imatrix (18)

As mentioned previously, the particle porosity mnsidered a fixed third
phase of the matrix and particle system. Thusyatame fraction relative to these

two materials will always be the same. This thpttase will have the following

relationship to the volume fraction of the matrix:

«Vporosity) particle ) final _ ((Vporosity) particle )i nitial (19)
(v (v

matrix) final matrix) initial
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A summation of all of the constituents is the bdsisdetermining the final
volume fractions of the matrix and porosity, whéne porosity is broken into two
parts for the matrix and particle porosity:

Vni ¥Vao, +(Vp0rosity )particle +(Vporosity Jmaix =1 (20)
In terms of the volume fraction of the matrix m&EEquation (20) is:

((V porosity) particle ) initial

*

(Vmatrix ) final + (Vmatrix) final v+ (Vmatrix ) final

(Vmatrix ) initial
P
pure _
+(Vmatrix)final 1_ _1
PUe " fina|
(21)
1- v, . .
NL - for Ni matrix,
=~ Vi
v v (22)
N for Al ,O, matrix.
- Vi

The relation for the volume fraction of the matmaterial that is sintered is

now as follows:

F’i

Pf
T e @R

(Vmarix)sin ere = 23
trix ) sintered 5 5 (23)

pure pure

1-P

1- P
PUT€  fina PUT® initial

Values for(/atrix)finals, (Morosityfinals (Morosityinitial, 2N (atrix)sintereaCan be seen
in Table 13 for composites without the nanopowdé,Tsintering aid and in Table

14 for composites with the sintering ai®Previous data [25] was used for the values

of (/7porosity)initial .
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Table 13: For powders without TiO,, volume fractions of the sintered matrix, final marix, and
porosities when there is no porosity associated witparticle agglomeration.

it
C((\)/r(;}%zsll\'lsn (Vmatrix)final (Vporosity)final (Vporosity)initial (Vmatrix)sintered
0 (RC-HP) 0.81 0.19 0.41 1.00
5 0.76 0.20 0.41 1.00
10 0.71 0.21 0.40 0.96
20 0.62 0.22 0.39 0.97
40 0.45 0.25 0.36 0.92
60 0.40 0.33 0.47 0.62
80 0.67 0.16 0.49 0.97
100 0.92 0.08 0.52 1.00

Table 14: For powders with TiO,, volume fractions of the sintered matrix, final marix, and
porosities when there is no porosity associated witparticle agglomeration.

C(?/glle)zsll\ltli())n (Vmatrix Jfinal | (Vporosity)final | (Vporosity)initial | (Vmatrix )sintered
0 (RC-HP) 0.93 0.07 0.41 1.00
5 0.89 0.06 0.41 1.24
10 0.86 0.04 0.40 1.21
20 0.75 0.06 0.39 1.20
40 0.53 0.11 0.36 1.11
60 0.46 0.23 0.47 1.06
80 0.71 0.11 0.49 1.06

The calculated values of the sintered matrix maltdrom Equation (23) can
be used to predict sintering behavior. The fitdhef KIMA model sintering model
for the pure Nickel and pure Alumina must be scaisithg the values from Equation
(23) and the final volume fraction of matrix, nodimad by the final volume fraction
for the pure matrix material. Reviewing the expemtal data, there is a Z@shift
in the initial sintering temperature for the Nickalh compositions without the
nanopowder Ti@sintering aid and a 100 shift with TiQ,, indicating a retardation
in the sintering behavior using the nanoparticle&esing aid. The model results,
plotted on top of experimental data, can be seefkigure 25 for the non-Ti©

powders and Figure 26 for the powders containin@,.Ti Reviewing the figures,
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results indicate that the model can not be usguddict the shrinkage behavior of the

composites with the Ti©nanopowder sintering aid as well as it has don@davders

without the sintering aid.

Shrinkage

20
18
16
14
12

10

—— 0 vol. % Ni predicted
—— 5 vol. % Ni predicted
—— 10 vol. % Ni predicted

=40 vol. % Ni predicted
—— 60 vol. % Ni predicted

X 0 vol. % Ni data
O 5vol. % Ni data
< 10 vol. % Ni data
20 vol. % Ni data
O 40 vol. % Ni data A
® 60 vol. % Ni data
A 80 vol. % Ni data
100 vol. % Ni data

|

20 vol. % Ni predicted A

80 vol. % Ni predicted
100 vol. % Ni predicted

200 400 600 800 1000 1200 1400

Temperature

Figure 25: Shrinkage curves for non-TiQ composite powders.
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20
X 0 vol. % Ni data

18 O 5vol. % Ni data
< 10 vol. % Ni data

16 - 20 vol. % Ni data Q
O 40 vol. % Ni data

14 ® 60 vol. % Ni data
A 80 vol. % Ni data

12 - 100 vol. % Ni data
—— 0 vol. % Ni predicted
—— 5 vol. % Ni predicted
—— 10 vol. % Ni predicted
20 vol. % Ni predicted
=40 vol. % Ni predicted
—— 60 vol. % Ni predicted
61 ——80vol % Ni predicted
100 vol. % Ni predicted

Shrinkage
H
o

0 200 400 600 800 1000 1200 1400

Temperature

Figure 26: Shrinkage curves of TiQ composite powders. The 100 vol.% Nickel powder is
plotted for reference purposes and does not contaitne nanopowder TiO, sintering aid.

In order to understand the differences in the ptedi sintering behavior of
the composites with and without the nanopowder,Tsitering aid, the sintering
model was modified to permit sintering of the aggévated reinforcing particles
when the TiQ nanopowder sintering aid is employed. To accoshpihis, the level
of sintering for the agglomerated reinforcing pees must be determined from the

initial and final porosities as follows:

I:)initial -
y* e + (V . ) +V* (V . ) _pure
matrix 1 _ P porosity Junsintered particle particle sintered 1 -
PUre initialmatrix PUre " initialparticle
14 y* pure +(V ‘ ) Fy* (V . ) _ Towe
matrix 1_ P porosity Jynsintered particle particle sintered 1_ P

pure pure

initialmatrix initialparticle

(24)
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Where:

P P
Pfinal + V* matrix - + V* particle - (1 - Pf )
1- N 1- N (25)
(V ) — PUT® " finalmatrix PUT® " finalparticle
porosity. (1 _ Pf )
P P
V * matrix l + — + V * particle = (l - Pf )
1 - Ppul'e ;. 1 - pure ticl (26)
— matrix particle
(Vmatrix)sintered - (1_ Pf )
In these equationsy* ... and v* ... are the volume fractions of the matrix and

particle phases in the composite if there was noogty. Additionally,

(Vporosity)unsimere , Is now the volume fraction of the initial porosithat remains

is the volume fraction of reinforcing particlesathare

particle )sintered

unsintered an((v

in the original model. In the modified

sintered, which is similar tdV, .. ). ereq
model, the entire matrix is sintered and the remgimnsintered volume fraction of
the initial porosity is still associated with agglerated particles. However, there is a
portion of the initial porosity associated with tlagglomerated particles that is
removed by sintering, which is similar to the pomtiof the initial porosity associated
with the matrix in the original model.

Applying the modified model, the values for Equasg (24)-(26) can be seen
in Table 15. These values can now be used to letédcuhe shrinkage of the
composites by using the final volume fraction oftmxaand the volume fraction of
the particles that sinter. The resulting shrinkageves can be seen in Figure 27.

Additionally, the predicted and actual shrinkageufes are compared in Figure 28 for

the final shrinkage and shrinkage at the four hmlid at 1356C. From these figures,
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it can be concluded that the predictions usingntleelified model are not only more
realistic, but more accurately describe the shgekbehavior that is observed with
the TiQ, nanoparticles than the original model. The nartapes appear to be
enhancing the sintering of agglomerated particlagenmore substantially retarding

the sintering of the nickel.

Table 15: For powders with TiO,, volume fractions of the final matrix, unsinteredporosity, and
sintered particle phase when there is porosity assmted with particle agglomeration.

Composition
(vol.% Ni) (Vmatrix )final | (Vporosity)unsintered | (Vparticle )sintered
5 0.96 0.00 0.93
10 0.92 0.00 0.44
20 0.81 0.00 0.42
40 0.57 0.07 0.27
60 0.50 0.25 0.30
80 0.77 0.05 0.93
20 ~
X 0vol. % Ni data
18 1 o 5vol. % Nidata
< 10 vol. % Ni data
16 1 20 vol. % Ni data
O 40 vol. % Ni data
14 4 @ 60 vol. % Ni data
A 80 vol. % Ni data
o 12 - 100 vol. % Ni data
o) —— 0 vol. % Ni predicted
g 10 - — 5 vol: % Ni predicted
£ —— 10 vol. % Ni predicted
) g - 20 vol. % Ni predicted
— 40 vol. % Ni predicted
—— 60 vol. % Ni predicted
6 1 —— 80 vol. % Ni predicted
4 100 vol. % Ni predicted
2 -
0 L i {F |
0 200 400 600 800 1000 1200 1400

Temperature

Figure 27: Shrinkage curves predicted using modifie@ model for TiO, powders.
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Figure 28: For TiO, powders, comparison of predicted and measured shrkage at the final state
and during the four hour hold at 1350 C using the nodified model.

The shrinkage curve for each composite layer willvrbe used to develop a
model of the sintering process for graded metadoér composites in the following
section. This sintering model will enable the pecgdn of the effects of differential
shrinkage on the evolution of stresses in gradsémictures during the pressureless
sintering process. Predicting the stress evoluisorssential to understanding the
benefits of using the TiOnanopowder sintering aid. Additionally, thesedicgons
will allow the design of appropriate gradient atebtures for fabricating graded

metal-ceramic composites with bulk molding techgglo
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CHAPTER 3: Modeling of Graded Metal-Ceramic
Composites Including a Nanoparticle Sintering Aid

3.1 Model Description
Analyzing the sintering behavior of functionallyraged metal-ceramic

composites requires accurate prediction of the glamthermomechanical properties
and shrinkage at varying temperature. Thermomacalamproperties, including
elastic modulus, Poisson’s ratio, fatigue life, dratture toughness, depend on the
relative sintered density and microstructure [1Recently, a two-dimensional finite
element analysis using a micromechanical thermadtielviscoplastic constitutive
model has been developed to predict the stressbdisbns that arise from the
evolution of differential shrinkage during the meseless sintering process by Y.M.

Shabanat al.[28]. This section describes the fundamentaldfasithis model.
3.1.1 Thermal Elastic-Viscoplastic Constitutive Moel
As discussed in section 2.5.4, the shrinkagenstedi(t, T (t)), is described by

the Weibull power law time-dependent exponentialatipn in (13). For this thermal
elastic-viscoplastic constitutive model, the diftusbased shrinkage relation given in

(13) is included with other diffusional process&sch as stress-dependent creep, into

a total time-dependent thermoplastic strain vec[he{n(t,sk(t),T(t))]i for the matrix

material, as follows:

e s, 0.T@)] = e, T@d + ATENs,Od (k=18 @

0
In (27), the stress vectcsrk(t) = (811,522,533, 512,513,323), d:(l,l,l,0,0,0), and7ij is

the temperature- and porosity-dependent viscositgdr determined from relations
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described elsewhere [29-31]. Additionally, the géidependent effects ofy; are
determined by the thermal profilé&(t), used for sintering.

If the metal undergoes elastoplastic deformation the metal matrix
composites, the equivalent shear modulus and Rosssatio, /i and v,, must be
introduced in the constitutive equation instead mf and v,, as seen in (28).
Similarly, when the metal particle undergoes etagiscoplastic deformation in the
ceramic matrix compositesy; andv, must be introduced in the constitutive equation

instead ofm andyv;.

/70
Vo +— ([1+v,)
”3,72 L V= ?3 (28)
1+3W 1+ 2?(1+v0)

/72:

In (28), H is the work hardening ratio of the matrix. Whée matrix undergoes
elastic-viscoplastic deformation, the thermal etagiscoplastic constitutive equation
can be written as [15,32]:

de, =

1 — — —
m[{( K - ko)n+kH(1- m@- £, - f)+f}+@-n)f k]ds,, 29

K, f
10 (2, - @,)}3dT + dler].

h

+{ao'

dei]. =

1

2m(L- ')A,
a

rdle], - 3 dlegl,

i

{(m- myn" +m{(1-n)(A- £, - £)+ 1} +(A-n")f mlds,

(30)
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Where:

A =@ f, - fv){kol+(kl- ko)'ﬁ}+ f ok, o

Ay =@ f- f{m+(m- mnt+ fom
In these equationsde,, de;, ds, and ds; are the hydrostatic and deviatoric
components of incremental macroscopic strain aresstrespectively. Alsaje, is
the incremental shrinkageT is the incremental temperature changeanda, are

the coefficients of thermal expansion of the péetand the matrix, anf], and f, are

the particle volume fraction and the void volumacfron in the incremental process.

The bulk modulus and the shear modulus of the matrd the particlesk,, 73, k;,

and m respectively, are given by:

——Ei :—Ei =
ki_3(1- 2 T ey (1=0.1) (32)

In (32), E,, E,, v, andv, are Young’s modulus and Poisson’s ratio of thermnand

the particles respectively. The Eshelby tensors aaospherical inclusion are as

follows:
- 1+v .
n= 3(1—\3) (Hydrostatic component)
° 33
24-5v) .y (33)
n =————>== (Deviatoric component)
15@1- v,)

The incremental stress of the matrix and the partids ™ = (ds,ds;") and
ds® =(ds}.ds ) respectively, are given by:

3k0klfp (1' F’)(al - ao)
A,

dsph = at +(lih_ ko)1 ds,, +

aT+3kdlel], @9
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i

dsp =B gs, 1y dle]] - T dle], @

3Kk (1- f - f)a,-a.)1-n
dskk :£dskk+ 0 1( p v)( 1 0)( )SdT (36)
A, A,
ds P :ﬂds;j (37)

If the matrix is in the elastic statey; and v, in all these equations reduce to their
elastic counterpart®; andv, respectively. The finite element formulations fleese

constitutive equations have been described preligB8]. However, the model has
been modified to include: (1) thermal strain andrddage in the initial strain vector
and (2) porosity effects by treating the porosiyaathird phase interacting with the

fully dense composite.

3.1.2 Two-Dimensional Finite Element Analysis
Stresses caused by differential shrinkage duriresgureless sintering are

predicted by a two-dimensional finite element asalybased on the change in
porosity and the corresponding evolution of therelaktic-viscoplastic constitutive
model. Cracking in gradient structures occur wtiennormal stress in the thickness
direction, normalized by an ultimate strength povesv function of the porosity, is
greater than unity.

In the model, the Nickel undergoes elastic-opdastic deformation governed
by the von Mises yield condition and the isotropardening, while the Alumina
deformations are predominantly elastic. Considgtialf of the specimen due to
symmetry, 2800 8-node isoparametric elements aexl us the finite element

analysis. The element size is refined near trerfextes between the layers, where the
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smallest element size used is 75%1®. Isothermal conditions (i.e., no thermal
gradients) are assumed.

Necessary to predict the evolution of shrinkagessies during sintering, this
model accounts for the effects of evolving cohessteength on the behavior of
matrix phases. To accomplish this, the evolutidnnatrix thermomechanical
properties in the constitutive model must be reldtethe total shrinkage or porosity.
Mechanical properties, such as the modulus of ieigstand strength of the
composite, evolve during sintering and typicallywavith porosity according to a
power law formulation [16]. Previous work determwhthis formulation for the
evolution of mechanical properties could be refibgdnultiplying the power law by
an exponential description for the evolution ofenparticular cohesion. This

cohesion of the matrix phase due to sintermgs described as follows [33]:

c=[t- el7) (38)
In (38), 7, is the initial relative densitys . is the sintered relative density, ant a

constant previously determined to be 12 for Nickad Alumina.

3.2 Application of Model
The main reason for developing a model to preghcinkage-induced residual

stresses in gradient architectures is to determ@mmetries that can be used for the
eventual fabrication of crack-free gradient struesu This section will describe the
initial model verification accomplished by evalumti a crack-free rod produced

experimentally and efforts to predict gradientsddditional crack-free rod samples.
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3.2.1 Initial Model Verification of a Crack-Free Rod Specimen
The first crack-free rod sample produced was ttsilteof systematically

varying layer thickness and qualitatively evalugtthe sintered specimens. As layer
thickness increased, the crack width diminishedeviBus work has demonstrated
that increasing the gradient thickness signifigantiduces the peak residual stresses
and plastic strains [15]. This crack-free ten-fagample was fabricated with the
following layer compositions: 0 (RC-HP), 5, 10, Zm, 40, 60, 70, 80, 100 vol.%
Nickel. Approximately 61.5 mm tall in green compdorm, all layers were of
relatively equal thickness and contained the nawolgo TiO, sintering aid. The final
sintered height was approximately 54 mm, as sedfigare 29. The sintered layer

thickness is presented in Table 16.

Figure 29: Crack-free rod sample (0,5,10,20,30,4@&0,80,100 vol.% Ni layers) with substantial
layer thickness and nanopowder TiQ in all appropriate layers.
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Table 16: Sintered layer thickness (mm) of experinmdal crack-free rod sample with TiO,.

Layer Sintered Layer
: Thickness
(vol.% Ni)
(mm)
0 (RC-HP) 5.8
5 51
10 5.2
20 5.0
30 4.7
40 4.7
60 6.1
70 5.8
80 6.3
100 5.2
Total Height: 53.9

The successful fabrication of a crack-free rodbésdh initial verification of
model stress predictions. Since the rod geomaettyndt crack experimentally, the
model should predict that all local stress level$ lbelow the critical failure stress.
As seen in Figure 30, the normalized stress raigsdot exceed unity at any point
and therefore the sample is not expected to crRelak stresses are observed at the 0-
5 vol.% Nickel interface under tensile stress amel 80-100 vol.% Nickel interface
under compressive stress. The normalized strabe &0-60 vol.% Nickel interface,
typically the failure location for most cracked gdes, is relatively low at a

normalized stress of approximately 0.4.
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Figure 30: Predicted stress distribution at 1350 Gor the experimental crack-free rod. The stress
does not exceed unity; therefore, the specimen igpected not to crack.

3.2.2 Gradient Architecture Prediction

Using the model, additional crack-free geometrias be predicted. The
model can be used to optimally reduce layer thiskn® predict specimens that
require less material than the original crack-fspecimen shown in Figure 29. By
reducing layer thickness, powders will be conserasdl specimen weight and
thickness will be reduced. Considering a cylinglricod specimen with the
nanoparticle sintering aid, the model predictionrfonimum green layer thickness is
shown in Table 17. This green layer thicknes$éslayer thickness measured after

cold pressing in the traditional die-based discl@gering process.
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Table 17: Predicted minimum green layer thicknessdr crack-free rod sample fabrication.

Layer Green
(vol.% Ni) | Thickness (mm)
0 (RC-HP) 2.8

5 2.8
10 2.8
20 2.8
30 2.8
40 6.2
60 6.2
70 6.2
80 6.2
100 2.8
Total Height: 41.6

For the model rod geometry in Table 17, the axiedsses predicted on the
outer surface of the specimen, normalized by tedipted ultimate strength, with and
without the nanopowder TiOsintering aid can be seen in Figure 31. When the
nanopowder Ti@is not used, cracking is predicted at the interfaetween the 60
and 70 vol.% Nickel layers. When the nanopowdéd,Tis used, the stress ratio
never exceeds unity and the specimen is not exppécterack. In fact, the maximum

stress actually shifts to the interface betweerOthad 5 vol. % Nickel layers.
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Figure 31: Predicted stress distributions at 1350 Gor the model rod geometry with and without
TiO,. The non-TiO, rod is expected to crack, while the Ti@rod is not.

3.3 Fabrication of Model Crack-Free Rod Samples
Using the minimum green layer thickness predictgdhle model in Table 17,

a cylindrical rod specimen was made from powderdganing TiQ and a second rod
sample was made from traditional powders lackirg TiO, sintering aid. Careful
consideration of green layer thickness had to bdendue to the poor tolerances
experienced when layering powders within the diehlaypd. After experimenting
with the various powder mass quantities, the mimmpowder masses required to
achieve the desired layer thickness were determame@dresented in Table 18. These
masses ensured that with careful and deliberatectdion techniques, layer thickness
would not drop below the required minimum at anynparound the circumference
of the specimen. In addition, after substantiddrifaation trial and error it was

determined that the 100 vol.% Nickel layer wasneguired to meet the 2.8 mm layer
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thickness minimum. This fact is reflected in themtual fabrication of a crack-free
specimen. For this reason, the powder mass repantdable 18 for 100 vol.%
Nickel was the mass quantity used in fabricatiaot, the mass quantity required for

2.8 mm green layer thickness.

Table 18: Powder mass quantities used to fabricat®odel rod specimens.

Layer Required
(vol.% Ni) | Powder Mass (g)
0 (RC-HP) 3.2

5 3.9

10 4.1

20 4.7

30 5.2

40 12.3

60 12.3

70 12.9

80 14.7
100 3.5
Total Mass: 76.8

With required powder mass quantities determinéd, tivo cylindrical rod
specimens were fabricated as normal. The resuf@@tdimens are seen in Figure 32.
The rod containing the TiOsintering aid displays no outer signs of crackinthe
layer transitions are relatively smooth and theeere unexpected bulges or ridges.
However, the rod made from powders without the ;T$@tering aid cracked at the
40-60 vol.% Nickel interface, which is near the dpcted failure interface at 60-70
vol.% Nickel. While the crack width is extremelgnall at approximately 140m,
there is a “step-down” ridge effect at the inteefawhereby the edge of the 40 vol.%
Nickel layer is noticeably raised above the 60%oNickel layer. A micrograph of

the crack has been produced in Figure 33. Thengaeed sintered layer thickness
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measured down a similar line along the circumfegear both specimens is

presented in Table 19.

Crack Location

l

Figure 32: Model rod specimens: crack-free rod (& with TiO ,, cracked rod (right) without
TiO,.

Figure 33: Crack at the 40-60 vol.% Nickel interfa@ of the non-TiO, model rod specimen.
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Table 19: Green and sintered layer thickness of mad-based rod specimens.

Non-TiO, Rod TiO, Rod
Layer Qreen Si.ntered Qreen Si.ntered
(vol.% Ni) Thickness| Thickness| Thickness| Thickness
(mm) (mm) (mm) (mm)
0 (RC-HP) 3.1 2.9 3.3 2.8
5 3.2 2.8 2.8 2.4
10 3.2 2.9 3.0 2.6
20 3.1 2.8 3.4 2.8
30 2.8 2.4 2.9 2.5
40 6.2 5.6 7.0 6.4
60 7.2 6.7 6.5 6.3
70 6.7 5.7 6.6 6.2
80 6.6 5.6 6.2 5.1
100 1.0 0.6 1.0 0.7
Total Height: 43.1 38.0 42.7 37.8

3.3.1 Microhardness of a Crack-Free Rod Sample
Following the fabrication of a model crack-free ingkical rod specimen

using the nanoparticle sintering aid, the microhass profile was characterized
using the Vickers microhardness tester describediqgusly. Unlike the cracked
TiO, rod previously tested in section 2.5.3, the newcstre featured pure RC-HP
Alumina instead of bimodal Alumina and a non-constayer thickness distribution.
The new structure also included previously unused®d 70 vol.% Nickel layers.
Despite these differences, the crack-free rod aysph very similar microhardness
profile to the cracked rod. The microhardnessifgdbr the crack-free rod is shown

in Figure 34.
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Figure 34: Vickers microhardness profile by distane along crack-free rod specimen gradient.

Reviewing the results, the pure Alumina layer i8 shder tensile stress and
therefore the microhardness is still lower than #teess-free homogeneous disk
results. However, the microhardness of the pureHRCAlumina is higher than the
bimodal Alumina used previously. The only othdfadence from the cracked T;O
rod is the inclusion of the 30 and 70 vol.% layavhjch appear to be in agreement
with the homogeneous measurements. The craclafrderacked Ti@rods display
nearly identical profile trends in the remaining 1%, 20, 40, 60, and 100 vol.%
Nickel layers. Averages by layer composition areespnted in Table 20.
Considering microstructural variation due to thegence of particle agglomerates,
measured microhardness for matching compositionslanost identical. From these

results, it is concluded that the inclusion of tlev 30 and 70 vol.% Nickel layers
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have little effect on the surrounding microhardnpssfile. The crack in the 40-60
vol.% Nickel interface of the rod tested in secti®db.3 does not seem to alter

surrounding microhardness either.

Table 20: Average Vickers microhardness (HV) by lagr for a cracked rod versus a crack-free
rod, both containing TiO,.

TiO, Cylindrical Rods
Layer Crack- | Increase
wolos Niy | Cracked | E (%)
O (Bimodal /' 5g5 55 | 75454 29.6
Unimodal)
5 936.41 1008.06 7.7
10 822.88 930.48 13.1
20 540.87 540.65 0.0
30 — 364.40 —
40 207.19 217.85 5.1
60 58.98 56.48 -4.2
70 - 87.01 —
80 90.96 90.22 -0.8
100 54.43 59.04 8.5

3.4 Model Verification by Profile Evaluation
The fabrication of a crack-free rod sample witk TiO, sintering aid using

the predicted minimum green layer thicknesses lemsodstrated the ability of the
model to predict crack-free geometries. The suwoédshe model in this aspect is
evaluated qualitatively by comparing predicted pstiksses with careful inspection
of sintered experimental specimens. However, afsmterest is the ability of the
model to predict accurate sintered gradient shgekasults. This is characterized by
comparing the predicted sintered profile with measents taken from experimental
specimens. As a result, this profile charactewmaénables quantitative verification

of the model.
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The first crack-free rod, shown in Figure 29, vessablished experimentally
and provided the initial basis for model stressfwation. This sample was again
used to verify model profile predictions. To comgdhe predicted results with
experimental measurements, the true sintered erofds digitized and overlaid on
the theoretical profile generated by the model igufe 35. The theoretical and
experimental profiles tend to correlate well in gext shape, but shrinkage is over
predicted for the 40, 60, 70, 80, and 100 vol.% kHliclayers by the model.
According to previous work [28], the reduced distor measured experimentally is
possibly due to gradient imperfections that altetlkd stress distribution or the
material may be yielding or creeping more than hadn predicted by the thermal

elastic-viscoplastic constitutive model relations.
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Figure 35: Theoretical and measured sintered shapgarofiles of experimental crack-free rod
sample containing TiO.
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CHAPTER 4. Fabrication of Graded Metal-Ceramic
Composites Using Bulk Molding Technology

4.1 Bulk Manufacturing Methods
The die-based discrete layering approach used etsewn this research provides

a simple means for creating graded metal-ceramuposites with two-dimensional
geometric complexity using powder processing teqies. In review, this method
consists of the following basic steps:

1. Prepare distinct composite powder compositionsadilyrhixing

2. Layer required powders in steel compaction die

3. Press powders in die into a green compact

4. Pressureless sinter green compact into final congsisucture
In the laboratory environment, the majority of fightion time is spent on the first
and last steps of this procedure. This is dueotqy I[powder mixing times, binder
drying times, and the furnace sintering scheduldternatively, the processing of
graded metal-ceramic composites in bulk quantitas be accomplished by: (1)
scaling up similar processes and (2) employing maa@nventional bulk
manufacturing methods to decrease fabrication time.

For the bulk manufacturing of powder-processed ammepts, the fabrication
procedure can be scaled up by generating largetitjgarof powders in commercial-
scale mixers and sintering large quantities of pmmmlocessed components in
commercial-scale furnaces. Adapting bulk moldiaghnology to the process, large
molds with many cavities can be used in place dividual compaction dies. Bulk

molding techniques can quickly produce green conspactens to hundreds of units.
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This section will describe the initial applicatiohthese bulk molding techniques for

graded metal-ceramic composite structures.

4.1.1 Bulk Molding Technology
Bulk molding technology often utilizes two-dimensa molds that are

machined or cast with the desired component gegmaftiolds are usually machined
from steel or aluminum, but can also be cast fratyrpers or reinforced concrete
when the molding operation is under low pressurg.[3Viold size depends on the
component dimensions and the number of desired coems.

In the case of powder, slurry, or other mixturegessing, the mold cavities
are filled with material and then shaken by a witnr@o settle the constituents. The
challenge with this method is to design the moldgstsat the vibration provides a
single primary frequency response that rapidly ently settles the material
constituents. Desired frequencies often range ftens to hundreds of Hertz and
vary greatly depending on the number and size efctévities as well as the mold
material. For this research, bulk molding teche&employed by the concrete
products industry have inspired the development daboratory-scale processing
assembly to investigate the bulk manufacturing rafdgd metal-ceramic composite
structures. Decorative concrete blocks fabricatesihg similar bulk molding
technology can be seen in Figure 36. For theseretblocks, mold processing time

on a vibrating press typically ranges between XDXmnseconds [35].
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igur 36 Peast deorative concrete paving stoag36].
4.1.2 Setup of Laboratory-Scale Fabrication Assemil

A steel 1/10 scale mold, of similar design to maddsployed by the concrete
products industry, was machined for use in the exmntal setup and eventual
fabrication of graded structures. As seen in Fg87, the mold consists of nine
hexagonal mold cavities. Each cavity presentsossesectional molding area of
approximately 10.13 cf To allow the mold to be fixed in place, two shuddmping

rails extend out the ends of the mold.
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Hexagonal Mold
Cavities

Internal Mold
Cavities

10.76 cm

18.12cm ol

Bottom

Figure 37: 1/10 scale steel mold with nine hexagonaold cavities. The internal mold cavities
machined into the bottom of the mold are not intendd for materials processing.

The fabrication assembly can be broken down intar fadditional

components: (1) bottom plate, (2) tamper plate,s{@8pper plate, and (4) vibration

plate. The bottom plate anchors to the bottomhef mold and keeps the material

from falling through the empty mold cavities. Tiaenper plate, as seen in Figure 38,
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consists of nine machined hexagonal reliefs thainfo the mold cavities to keep
material from flying out the top. The slapper plafree to translate up and down,
bounces between the bottom plate and vibratiorepl&tinally, a portable electric
paint shaker was modified to provide the vibrafudate response. This experimental

testing configuration can be seen in Figure 39Fgdre 40

Figure 38: Tamper plate with nine machined hexagoriaeliefs. The reliefs insert into the top of
the mold cavities to prevent material from flying aut during processing.

86



Tamper Plate Mold

Slapper Plate
(Impacts Bottom of
Mold)

-7 Paint Shaker
(Vibration Source)

Figure 39: Entire laboratory-scale molding assemblyvith tamper plate held out of position to
show mold location.

Bottom
Plate

Slapper Plate

Vibration
Plate

Figure 40: Side-view of laboratory-scale molding aembly with tamper plate in position.
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4.2 Vibrational Analysis of Mold Performance
Vibrational response was characterized by mounsingin gages to the top

surface of the mold using strain gage adhesivech age was wired to a portable
strain indicator quarter bridge then channeled riooacilloscope. Computational
finite element analysis identified the critical &ions on the mold. As seen in Figure
41, three strain gages were attached and aligneording to these computational
results. The complete laboratory-scale processystem with instrumentation can be
seen in Figure 42.

Signal processing techniques were used to anahgeesultant strain data.
Under various testing conditions, the strains fadhthree gages were recorded over a
short interval. The discrete Fourier transform {DHs often used to analyze
frequencies in sampled signals, which can be coedpw@fficiently using a fast
Fourier transform (FFT) algorithm. This FFT wasdigo quantify the dynamic

modal response of the mold.

Figure 41: Location and alignment of strain gages sed for vibrational analysis.
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Figure 42: Complete Iaboratory—scal procesing SiEsm ith intrumentation.
4.2.1 Empty Mold Performance
To identify the vibrational characteristics of tadoratory-scale steel mold, tests
were conducted on the empty mold under three @iffieconditions:
1. Free Vibration (modal response)
a. Mold secured to the frame (constrained)
b. Mold unsecured (unconstrained)
2. Gap Test (simulation of actual impact loading ctiods)
a. Fixed gap between the slapper plate and the battahe mold
3. Preload Test (low frequency response)

a. Fixed initial compression of the spring-loaded ailor generates a
preload on the bottom of the mold

The mold was bolted to the steel frame in one a¥ pesitions: above the frame

mounts for the gap test or below the mounts to gespthe vibrator springs for the
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preload test. Tightening the mold to the frameegates the following strain in each
position:

Gap Test (Mold secured to top of frame mounts)
Gage 1: +6.312¢1
Gage 2: -14.353¢1
Gage 3: -31.728¢1

Preload Test (Mold secured to bottom of frame mgunt
Gage 1. +6.546 1
Gage 2: -17.665¢1
Gage 3: -39.282¢1

In the preload test, the mounted mold is broughtantact with the spring-loaded
vibrator. The upward spring force generated onhibgom of the mold counteracts
the initial clamping force, resulting in the follavg final state of initial strain before
testing:

Preload Test (Mold secured with vibrator spring pogssion)
Gage 1: +3.740 @
Gage 2: -14.132¢1
Gage 3: -24.390¢u

For the testing of the empty mold, the mold wadaisal from the fabrication
components by removing the tamper plate and bofilate from the assembly. The
vibration plate and slapper plate remain in plazealow characterization of the
vibrational response. Before testing results ccaddobtained, baseline noise was
identified in Figure 43a for removal from the tekita. Data was exponentially
smoothed using a factor of 0.01, which was apptiede before removal and twice
after. The 60 Hz sinusoidal response is plottedctomparison. Baseline removal
from the signal obtained after testing can be seefigure 43b. These results
indicate that the baseline noise data can be rethtwvemprove the quality of the

signal.
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The first testing condition was the free vibrati@sponse of the mold. To
characterize performance, the mold was subjectedsiagle impact when secured to
the frame and another single impact when unsecuieat. the unsecured test, the
mold was allowed to rest on the frame mounts. Tesults for changing the
constraint condition on the free vibration respoaséhe mold can be seen in Figure
44. As expected, securing the mold to the frangmifscantly dampens the free
vibration response to the single impact.

After securing the mold to the frame in the appiatprposition, experimental
data was obtained for the preload and gap tests tfée strain gages had been re-
zeroed. Results from the gap test can be seengured=45 and results from the
preload test can be seen in Figure 46. The imsti@in generated by securing the
mold is on the same order of magnitude as thenstigeénerated during both of these
tests. The gap tests have a 134 Hz signal andilmoindons from multiples of 10 Hz,
similar to frequencies seen in the preload test®ie signal increases as the gap
magnitude decreases. For the preload tests, therstrong signal at a frequency of
20 Hz, which is the frequency of the vibrator dgrsteady-state operation. At the
end of the test, the vibrator becomes unbalancésatiles to a stop. For this unique

case, the signal increases strongly and shiftsrasveb Hz.
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Figure 43: Baseline noise (a) before removal and Xlfter removal.
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Figure 46: Preload test at (a) steady-state and (binbalanced end of test.
4.2.2 Carbon Nanotube Reinforcement of Internal Mal Cavities

While conventional steel is desirable to controé tphrimary vibrational
response of the mold, it is possible to incorpoeateanced composite materials into
the mold to fine tune the response. Recent adgamegle in polymer nanocomposite
technology have been successfully integrated intoldsn using inexpensive
commercial carbon nanofibers (CNF).

Of particular importance in engineering, the intggn of composite
materials into the molds must be done in a manmardnsures reliability under the
tremendous inertial forces that these molds will fébjected to. Polymer
nanocomposites present unique integration techredpgncluding the use of
complex surface geometries and tailoring of theomamposite microstructure to
increase the interfacial strength between the petynanocomposite and the mold.
In order to determine design criteria, the intagratof these materials will also
require the development of the relationships betwpeoperties that satisfy the
functional needs and cost concerns of the molds.

For this research, a standard 15 wt.% CNF-reintbeqgxy was injected into

the as-machined surface of the internal mold casjitias seen in Figure 47.
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Comparing test results between filled and unfiliegbrnal cavities, results confirm
the ability to fine tune the dampening and freqyemsponse of the mold through the
engineering of a nanostructured material [37]. h&aretical response for a 20 Hz
impact is also included in Figure 47 for comparisdine strong peak associated with
the impact near 20 Hz is present in both casesgtierythe presence of the polymer
nanocomposite dampens the response of the moldeshutes the frequency from
133 Hz to 113 Hz, which is consistent with a chamgthe natural frequency of the
mold. Thus, it was concluded from these resulés the adhesion and CNF loading

of the polymer nanocomposite was adequate foridfehe performance of the steel

mold.
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4.2.3 Filled Cavity Mold Performance
With the basic vibrational response of the moldrelterized, it was possible

to proceed with a study of the mold performance mtiee hexagonal mold cavities
were filled with powdered material. Unlike the ymus empty mold tests, the full
molding assembly was used, including the bottontepéand tamper plate described
previously. These additional components were redquto prevent material from
escaping the mold during vibrational processinge assembly configuration and test
data for the mold can be seen in Figure 48 andr&igQ respectively. In Figure 49,
the theoretical response for a 20 Hz impact is atetuded. For the theoretical
impact, peaks are noted in the FFT spectrum foryewmultiple of 20 Hz, which
decay with increasing frequency. The mold respdrasea similar profile, except that
there is an absence of peaks at certain multipidsaa additional strong peak at 28
Hz. In particular, strong peaks are present ai50180 Hz, 300 Hz and 480 Hz.
Comparing these results with the previous analg$isinfilled cavities, it
appears that there is a strong lower frequencyoresp from the presence of the
attached bottom plate. Bolted to the bottom ofriiw@d, the bottom plate transmits
the impact from the slapper plate to the mold. iAddally, the strong response
above 100 Hz, due to the natural frequency respohs¢be mold, was not present
when the cavities were filled. The presence of ¢geened material in the mold cavities
also substantially dampens the response. Thaanibe concluded that the effects on
mold response due to filled hexagonal cavitiessarelar to those observed when the

internal mold cavities were filled with polymer romposite. However, the
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frequency shift and the damping effects experiermethe filled hexagonal cavities

are substantially greater.

Figure 48: Full laboratory-scale mold processing aembly with all components in place.
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Figure 49: Mold response with mold cavities filledvith powdered material.
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4.3 Bulk Processing of Graded Metal-Ceramic Compot&s
The discrete layering powder processing techniqgas adapted to process

multiple graded specimens in the steel mold. Filst bottom plate is bolted to the
mold and the entire mold is sprayed with zinc steadry powder mold release. The
appropriate composite powder is then poured interapty mold cavity. Lowering a
hexagonal mold plug into the cavity levels the B@e®wder within the cavity. The
plug is allowed to rest on the powder surface, iuadditional pressure is applied.
The plug is then removed. Another powder compmsitian then be poured into the
cavity and leveled with the plug. This processertp until all required compositions
are layered within the cavity. This procedure agspto all nine hexagonal cavities of
the steel mold.

Following the addition of powders to the mold, theld is ready for
processing on the vibration plate. The mold igdixo the steel supports that place
the mold over top of the vibration plate. With tslapper plate in position between
the vibration plate and bottom plate, the processinready to begin. The paint
shaker is then turned on, which provides the agoity motion that causes the slapper
plate to impact the bottom plate. As the slappatepimpacts the bottom plate, the
powders within the cavity are shifted and nominatlyxed. The paint shaker is

typically run for one minute, the results of whicdin be seen in Figure 50.

97



Figure 50: Powder samples after one-minute of vibrigonal processing.

When processing is deemed complete, the mold i©vedhfrom the steel
supports and transferred to a cold press. Usiadnéxagonal plug, the loose powder
is compacted to 88 MPa one cavity at a time, as Be€igure 51. To complete the
process, the bottom plate is removed and the grteepacts are pressed out of the
mold. As seen in Figure 52, these green compaetthan ready for sintering in the

furnace using the standard sintering schedule idbestpreviously.
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Figure 51: Cold pressing of hexagonal powder same

Figure 52: Processed and pressed green compactsdgdor sintering.
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The quality of the sintered specimens depends emetrel of mixing. A high
degree of vibrator-induced mixing will remove angalete layer boundaries. This
will restrict shrinkage because the interface isvreo chaotically mixed interface.
Figure 53 displays a four layer modular hexagomeh@e (0, 40, 60, 100 vol.%

Nickel) that displays minimal cracking due to heawiing.

Figure 53: Four-layer sintered hexagonal sample

4.3.1 Related Work

Similar work was conducted using the cylindricat rdie. Powders were
traditionally layered one-by-one within the die.owkver, before application of the
cold press, the powders within the die were shakéns was done by raising the die
ram approximately one inch above the top surfacthe®fpowders to allow room for
mixing, then rotating the entire die and ram asdgmebd-over-end several times.
This provided some degree of chaotic mixing witthie die chamber. The cold press
was then applied and the sample sintered as normal.

The result of the chaotic mixing was that the fishtinkage was severally
restricted. In some cases, depending on the ramelesrof mixing, cracking was not

observed in the specimens. Control samples, oddhee mass constituents, that were
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not shaken were also sintered. These samplesienped severe cracking that
resulted in complete debonding. Figure 54 showsvatent composition samples
where one specimen is shaken and one is not. rab#ionally layered sample has
completely debonded at several interfaces whilariheed sample is crack-free. The
composition for these particular samples, in ordempplication, was pure small
Alumina (RC-HP), pure large Alumina (Gilox-63), pularge Nickel (HDNP), and
pure small Nickel (123). Figure presents the ngcaph cross section of the shaken

rod sample.

Figure 54: Cylindrical rod specimens with chaotic nxing (left) and traditional layering (right).

4.3.2 Fabrication Strategy
The lab-scale molding assembly allowed for the @ssig of nine hexagonal

structures at once. The isolated nature of thednwalvities provided that these
processed structures could be as similar or dikminmm composition as desired.
Multiple sample structures of the compositionalfagurations presented in Table 21

were produced using the molding assembly. All tarent powders contained
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standard quantities of binder and Fi@here appropriate, unless otherwise stated.
Constituents are listed in order of sequential lizgewithin the mold cavity, where
the abbreviations Sm., Lg., and Bi. correspondnalk particle size powder, large
particle size powder, and bimodal powder respelgtiv&amples 7, 8, and 9 present
non-traditional fabrication cases. For sample nemni the hexagonal plug was not
used to level the layer between powder applicatidnstead, a small mixing rod was
used to gently spread powder around the cavity.is Téft the interface surface
somewhat imperfect, although a concerted effort masle to make sure there were
no gaps in the layer surface. Sample 8 was maxhe éontrol powders lacking the
TiO, sintering additive. Finally, sample number 9 vealsled to the mold after the
vibrational processing was finished to create ashaken control sample. This

sample was then pressed and sintered with thefrést samples as normal.

Table 21: Hexagonal specimen composition fabricatiostrategy.
Layers Composition (vol.% Nickel) Notes
0(Sm.), 100(Bi.)

0(Sm.), 0(Lg.), 100(Lg.), 100(Sm.
0(Lg.), 0(Sm.), 100(Sm.), 100(Lg.
0(Bi.), 40, 60, 100(Bi.)

0(Bi.), 20, 40, 60, 80, 100(Bi.)
0(Bi.), 5, 10, 20, 40, 60, 80, 100(Bi.)

0(Bi.), 5, 10, 20, 40, 60, 80, 100(B‘i.N0 leveling
0(Bi.), 5, 10, 20, 40, 60, 80, 100(Bj.) No TiO,
0(Bi.), 5, 10, 20, 40, 60, 80, 100(B‘i.N0 shaking

©olo|~|o|u|rwn||E

(0|00 |0 |~ IAIN

4.3.3 Fabrication Results
Qualitatively reviewing the sintering specimense teamples constructed

exclusively from the pure base materials experiénte most significant warping
and cracking from the sintering process. Samplef 2dentical composition to the

shaken rod sample in Figure 54, completely deboradethe Nickel and Alumina

102



layers pulled away in opposite directions. San®ylehich reversed the particle size
ordering of sample 2, faired somewhat better blitdgbonded in an upward-arching

manner. The sintered results of all sample strastare shown in Figure 55.

No.

103



104




Figure 55: Top and side profile of sintered hexagal gradient structures.

The most common failure of the composite gradiewyet structures (i.e.,
gradient compositions other than pure), represeoyeshmples 4-9, occurs at the 100
vol.% Nickel interface. This interface in partiaulseems to regularly debond from
the rest of the sample. Often, this cracking agloothding only occurs on one side of
the sample, while the other side remains intaeimi@e 6 and sample 7 displayed the
least amount of damage, where relatively minorlerecand debonding occurred on
only one side of the sample. Sample 7 is usetidw ghis one-sided crack feature of
the 100 vol.% Nickel interface in Figure 56. Thesiture is somewhat unique to the
bulk processed hexagonal structures, as cracksatypipropagate around the entire

outer edge or circumference of the square anddrybial specimens respectively.
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D

Figure 56: Debonding of the 100 vol.% Nickel layealong one side of the structure (sample 7).

Sample 7, processed without traditional interfameeling, was qualitatively
the best specimen produced. Identical to sample @omposition, sample 7
displayed fewer cracks and the magnitude of theogdd 100 vol.% interface gap
was smaller than the traditionally-layered sampt®énterpart. Sample 8, as seen in
Figure 57, presents a case where the nanopowdersin@ring aid was not applied.
This sample has cracked significantly on the Aluamsurface, which has not been
observed in similar compositions containing the apaticle sintering aid.
Additionally, the debonded 100 vol.% Nickel intexéagap is significantly larger.
From these results, it is concluded the nanopowd@s sintering aid also offers

beneficial gradient densification properties whppleed to the hexagonal structures.
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Figure 57: Hexagonal gradient structure processed ithout TiO , powder (sample 8).

The final sample case evaluates the role of vibnali processing, as seen in
Figure 58. Unshaken sample 9 exhibits signifioznaicking in the pure Alumina,
where one corner of the surface is almost complalebonded. The 100 vol.%
Nickel interface is once again debonded in this @anand exhibits a significant
interfacial gap. According to these results, Vilaraal processing does indeed seem

to reduce the amount of damage present in singgecdmens.

Alumina Nickel
Debonding Debonding

CHOd >

Figure 58: Hexagonal gradient structure processed ithout vibrational shaking (sample 9).

The final quality of the sintered structures seémscrease with the number
of constituent layers. This result is evident frdne qualitative evaluation of the
sintered samples and is similar to the discreterlag work previously done in
compaction dies. However, the role of the vibragloprocessing is in part to destroy

the highly distinct layer interfaces that existraditional discrete layering operations.
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Figure 59 demonstrates the difference in microstimat variation due to vibrational
processing. By vibrating the mold with the slappkte mechanism, an attempt is
made at the chaotic blending of the distinct laygerfaces. As a result, residual
stresses should be reduced as the discrete stepc@ngpositional gradient transitions
to a quasi-continuous gradient. The successfuhtiore of this quasi-continuous
gradient is accomplished by either adding more tiilesit layers, as demonstrated by
sample number 6, or by modifying the vibrationahEcteristics of the molding
assembly. Increasing the amplitude of the slaggpate impact would shift the
powders more within the mold cavity and increasenBing between layers.
However, significantly modifying the impaction chateristics of the molding
assembly is not a viable alternative at this tirdbependent on the motion of the paint
shaker, the molding assembly is somewhat limited foxed impact amplitude and
frequency. For this reason, research has beetetino compositional changes in the
bulk processed specimens rather than major moldssgmbly modifications (i.e.,

other than mold response).
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Unshaken (No Vibration) Shaken (Vibrated)
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Figure 59: Cross section of (a) unshaken (sample 8hd (b) shaken (sample 6) hexagons.

4.3.4 Microstructure and Microhardness
Two eight-layer hexagonal structures were chosenctiaracterize with

microscopy and microhardness tests. The first ggmgferenced by sample number
6 in the previous section, was traditionally preses with layers consisting of 0
(bimodal), 5, 10, 20, 40, 60, 80, and 100 vol.% kdic The second sample,
referenced by sample number 7, was of identicalpomiion but interface layers
were not deliberately leveled. To evaluate therositucture and microhardness,

significant grinding was required to plane the sk®mpon the top surface. In
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particular, sample number 7 required almost thereeritbp Alumina layer to be
removed to reach a plane surface state. Folloviingl polishing, six unique
locations on each sample were chosen to image ifopgtopy analysis. The Vickers
microhardness tester described previously was usedtake microhardness
measurements at these same six locations. Theosoapy and microhardness
evolution across the planed top surface of sampiebers 6 and 7 are presented in

Figure 60 and Figure 61 respectively.
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Figure 60: Microstructure and microhardness distribution for conventional eight-layer
hexagonal structure (sample 6).

When related to the corresponding microstructur@ages, the measured
microhardness tends to agree with characterizatiork previously done in Chapter
2. As seen by sample 6 in Figure 60, the pure Alantends to exhibit lower
microhardness than microstructural compositionshwé low volume percent
reinforcing Nickel phase. For example, locationsa®d 4 appear similar to

microscopy images of homogeneous 5 and 10 vol.%eNisamples in Figure 16.
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Additionally, the microstructure of image locatidnappears to demonstrate a very
low Nickel composition, possibly between 0 and 3.%0 These image locations
demonstrate higher microhardness than image lowafig 2, and 6, which appear to
be pure Alumina. The microhardness measurememis te agree with these
assessments of image location microstructure. €T compares previous

measurements from Table 8 and Table 12 to measutsenteken from hexagonal

sample 6.

Table 22: Average Vickers microhardness (HV) compagd to test locations on sample 6.

Layer TiO,| TiO, | TiO, | Sample 6 Image Location
(vol.% Ni) | Disk | Square | Rod (Microhardness)
0 (Bimodal)| 902 680 582| 2(531), 1(535), 6 (619)
5 806 982 936
10 759 376 323 5(722), 3 (807), 4 (1057

The mixing effect introduced by vibrational proses causes varying
residual stresses to develop across the sampladianal interfaces are dissolved
by interfacial blending. Microhardness is decreasem its homogeneous equivalent
sample in the pure Alumina layer and increasedtlvers, particularly the locations
with approximately 5 vol.% Nickel content. Theate high in microhardness at

image location 4 and relative lows of locationantl 2 are evidence of this effect.
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Figure 61: Microstructure and microhardness distribution for non-leveled eight-layer hexagonal
structure (sample 7).

Sample 7, which was produced without interface llegeduring fabrication,
exhibits even more interfacial mixing. This samalgo required significant grinding
to reach a plane state across the top surfacea r&sult, Figure 61 is an image of a
plane much deeper within the sample than Figure Mzrohardness values tend to
be lower in sample 7 to every equivalent locatiorsample 6. This trend of lower

microhardness values is thought to be due to thatian in hardness by depth within
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the sample. From these results, it is theorizedl tlardness will drop as distance is
traveled within the sample. Unique to sample Thes existence of a high level of
Nickel content around the edge of the specimendesti in location 2. The
microstructure of this location is similar to 80196 Nickel in Figure 16. Locations
3, 5, and 6 exhibit microstructure between 5 angdl®o Nickel and continue to tend
to be of higher microhardness than the pure Alumseen in locations 1 and 4. Table
23 compares previous measurements from Table 8Tabte 12 to measurements
taken from hexagonal sample 7.

Table 23: Average Vickers microhardness (HV) compagd to test locations on sample 7.

Layer TiO2 | TiO2 | TiO2 | Sample 7 Image Location

(vol.% Ni) | Disk | Square| Rod (Microhardness)

0 (Bimodal)| 902 680 582 1 (496), 4 (583)
5 806 982 936
10 759 376 823 6 (537), 5 (644), 3 (679)
80 86 146 91 2 (38)
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CHAPTER 5: Conclusions and Future Work

The research presented in this thesis focusedh@mdvelopment of powder
processing techniques and bulk molding technolagyacilitate the pressureless
sintering of metal-ceramic gradient structures ammercially-viable quantities. A
new nanoparticle sintering aid was introduced t@kBi-Alumina composites to
control the evolution of shrinkage strain and medtel properties during fabrication
in a pressureless sintering consolidation proceld®mogeneous composites were
characterized for changes in microstructure, ptypand microhardness. Previously
developed porosity and sintering models were theatdwo characterize the evolution
of shrinkage strains. To determine the effectshef nanoparticle sintering aid on
shrinkage-induced stresses in gradient structuhesevolution of shrinkage strain
and mechanical properties were used in a recergheldped two-dimensional
microthermomechanical finite element analysis. STRHEA model enabled the
prediction of crack-free gradient architecturesdiag to the fabrication of a crack-
free cylindrical rod sample using the nanopartisietering aid. Finally, a bulk
molding technology was used to develop a prototypmecessing assembly for the
fabrication of graded modular hexagonal specimenfie processing assembly was
instrumented with strain gages to investigate theacic response and characteristics

of the mold under different processing conditions.

5.1 Contributions
This research ultimately advances the understandihnghe processing of

pressureless sintered graded metal-ceramic cormeposifThe main scientific and

technical contributions of this research are ds¥e:
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1. For the first time, a nanoparticle sintering aid baen applied to a wide range
of pressureless sintered metal-ceramic homogeneougosites and metal-
ceramic gradient structures. The resulting evoiuin shrinkage strain and
mechanical properties has been characterized addleth

2. For the first time, a two-dimensional finite elerheanalysis has been
developed to predict a gradient architecture far shiccessful experimental
fabrication of a crack-free pressureless sintergzké\tAlumina cylindrical
rod specimen with a nanoparticle sintering aid.e Tise of the nanoparticle
sintering aid has proven critical to the succedhefpredicted architecture.

3. For the first time, concrete molding technology basn adapted for the bulk
processing of graded metal-ceramic composites mmgérically complex
structures. The dynamic response of the mold leas lcharacterized under
various bulk processing conditions. Additionalllge effects of a nanofiber-
reinforced polymer mold insert on mold response ehaalso been
characterized.

4. For the first time, the bulk processing of gradegetatiiceramic composites in
geometrically-complex structures has been investdya Using bulk molding
technology from the concrete molding industry anolwger processing

techniques, a laboratory-scale processing assemalslypeen developed for the
bulk processing of graded hexagonal plate specimens

5.1.1 Application of a Nanoparticle Sintering Aid
Anatase nanopowder TjOwas investigated as a sintering aid in Nickel-

Alumina composites. Using a powder blending methiadball-mixing, 3 wt.% TiQ

was added to pure Alumina. This Alumina-Fifowder was then added to varying
amounts of Nickel powder to form distinct Nickelu&hina composite compositions.
Nickel and Alumina particle sizes were adjustedntaintain a discrete particle
reinforced microstructure within all compositions.Binder was added to the
composite powders based on a thermal-behavior mgtgnocess. These composite
powders were used in three applications: (1) homeges composite disks to

characterize composite sintering behavior and nadteroperties, (2) discrete layered
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gradient structures using compaction dies, and v{Bjated hexagonal gradient
structures processed using a bulk molding assembly.

Stress-free  homogenous composite disks were pedsss sintered to
characterize resultant material properties. Compasamples with and without the
TiO, sintering aid, microstructural images of polishsaanmples revealed little to no
change in composite microstructure. Next, theahand final porosity of each disk
was calculated using geometry and mass measurelnasesl on a ROM theoretical
density formulation. Including 3 wt.% T§On the Alumina had little effect on the
initial green density but significantly reduced tfieal sintered porosity in every
composite composition. From the results, it i@ckeanopowder Tipcan be used to
increase the densification over a wide range ofatredramic composite volume
fractions in the pressureless sintering processgckevs microhardness tests on the
same homogeneous composite disk samples foundhbancreased densification
also resulted in increased microhardness. As thghdensification, significant gains
were measured in all appropriate powder compogtaure to the Ti@sintering aid.
To fully understand the relationship between pdyoand microhardness, a power
law function was fit to the microhardness data. onfrthis fit, the theoretical
microhardness for the fully dense matrix phaseadd found. The results for the
composites with the Tigsintering aid indicate a lower microhardness tdlyfdense
pure Alumina than the non-Tg&omposites. This is attributed to the fact thduh
densification, the TiQacts as an impurity that actually reduces streagthhardness.

However, for pressureless sintering the Alumina pgosites do not approach full
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densification and the Ti#Dsintering aid provides significant densificatiomda
hardness benefits at attainable densities.

Discrete layering was used to fabricate die-bagetled rod and square
specimens with the nanoparticle sintering aid. k&€fe microhardness was used to
characterize the evolution of microhardness wittie gradient. By comparing
measurements along the gradient to the measurem@Evisusly made on stress-free
homogeneous samples, a preliminary evaluationegttolution of residual sintering
stresses was determined. Related to the sintemedify, tensile stresses that evolve
in the sample will typically lower hardness and qoessive stresses will typically
raise hardness. Since the Ti€intering aid significantly improves densificatiand
reduces porosity, microhardness measurements extdrdm samples containing
TiO, are much higher than the non-EiCounterpart samples. However, of note is
the fact that samples of similar geometry tend d¢tlov the same trends in
microhardness profile shape, regardless of,Teé@ntent or not. Similarly, cracked
and crack-free rods containing Li@isplayed almost identical profile trends.

The role of the nanoparticle sintering aid on esiimg behavior has been
characterized using previously developed porosihd asintering models for
pressureless sintered Nickel-Alumina compositesinteBng experiments were
required to sinter batches of homogeneous disks p@igressive sintering
temperatures. The resulting shrinkage data wad teséit a Kolmogorov-Johnson-
Mehl-Avrami (KJMA) sintering model. For the Alunarrich regions, the Ti©

sintering aid has increased the sintering ratenv€rsely, a retardation effect in the
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sintering rate of the Nickel-rich regions is obsghdue to TiQ. This convergence of
the sintering rates is the basis for developingeanhal-behavior matching process.
The nanoparticle sintering aid was also appliethutk processed hexagonal
specimens. Qualitatively, processed specimens twéhriG, sintering aid produced
better results than specimens without the,;Bdtering aid. The non-Tikspecimens
exhibited significant cracking in the pure Alumilzger, which was not observed on
similar composition samples that contained JiOThe non-TiQ specimen also
exhibited a larger gap at the debonded 100 vol.@kéliinterface than most other

processed samples.

5.1.2 Prediction and Fabrication of Crack-Free Gradent Architectures
Using the KIMA shrinkage curves, a recently depetb two-dimensional

finite element analysis based on a micromechanicaimal elastic-viscoplastic
constitutive model has been modified to predictdiness evolution due to differential
shrinkage in metal-ceramic composites containiegTiO, sintering aid. The model
has successfully predicted a crack-free cylindrical gradient architecture that was
verified experimentally using powders with the Fi€intering aid. In particular, the
predicted gradient architecture was only successhén the nanoparticle sintering
aid was used, which was verified by the crackingdeintical samples made with
powders lacking the sintering aid. The model, rfiediby this research to include
the effects of the Ti@sintering aid, can now be used to predict otheclcffree
gradient architectures. These architectures camdsggned to optimally reduce

gradient thickness, effectively reducing structthiekness and weight. Ultimately,
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gradients can be minimized and tailored to the kprécessing of geometrically-

complex shapes.

5.1.3 Bulk Molding Technology and Mold Response
Trends in the concrete molding industry have iregpithe investigation of

bulk molding technology for graded metal-ceramimposites. A scale steel mold
was machined for the experimental bulk processingexagonal graded structures.
A processing assembly was constructed to fit thisdm To simulate the vibration

platform used by the concrete molding industrypetgble paint shaker was modified
to provide the vibratory motion required.

The performance of the steel mold for bulk progegsivas characterized for
dynamic response during various processing comditio First, the free vibration
response to a single impact was found to be styotgpendent on whether the mold
was secured to the frame or not. The responsefouasl to die out very quickly
when clamped to the support structure. Secondnvitie mold is preloaded under
spring compression of the vibrator, there is a \&rgng signal at the frequency of
the vibrator of 20 Hz. Third, when a gap existsMeen the slapper plate and bottom
of the mold, the signal decreases as the gap seseaTo study the effects of an
advanced dampening material, 15 wt.% carbon na@eféinforced epoxy was added
to the internal cavities of the mold. The nanocosii@ reduced the frequency
response of the mold from 133 Hz to 113 Hz. Respaould be further tailored by
changing the wt.% loading of the nanofiber. Fipalhe mold response was studied

with the mold cavities filled with powdered matérid he presence of material in the
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cavities severely dampens the response and thegstignal above 100 Hz observed

in previous tests was eliminated.

5.1.4 Bulk Processing of Geometrically-Complex Graed Structures
Using bulk molding technology from the concrete diwod) industry, powder

processing technigques with a nanoparticle sinteary and pressureless sintering,
graded hexagonal plate specimens were bulk fabdcat the laboratory-scale. The
graded hexagonal specimens were prepared in thd oavities by modifying the

discrete layering technique. These samples wérated and shaken within the mold
cavities for approximately one minute. From thanp, fabrication procedure was
identical to the die-based approach. A wide raofyjsample compositions were
processed and evaluated qualitatively followingesing. While cracking was not

eliminated, two eight-layer samples were produded displayed promising results.
These samples were further characterized by exagitiie microstructure and
microhardness. The hexagonal samples, fabricat@dguthe laboratory-scale
processing assembly, are the first bulk-producedmgrically-complex graded

metal-ceramic composites by pressureless sintering.

5.2 Recommendations for Future Work

5.2.1 Improved Matching of Sintering Behavior
The processing of pressureless sintered metaiee@mposites continues to

present unresolved fabrication issues. The matlifikermal-behavior matching
process developed by this research, using pasizkdistributions, binder additives,
and nanoparticle sintering aids, should be furthefined to better match the

convergence of shrinkage curves. Indeed, the piotering characteristics of certain
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compositions due to particle agglomerates, pagityin the 60 vol.% Nickel layer,
must be improved. An attempt must also be madeetter match the sintering of
pure Nickel, which sinters faster and more compjetiean any other composition.
One solution may be to introduce porosity in theepMNickel that is not consumed

during the sintering process and retards the eloolutf shrinkage.

5.2.2 Performance-Mass Tradeoffs of Gradient Micrasuctures
For commercial and military applications of prastess sintered metal-

ceramic composites, the performance-related benefit nanoparticle sintering aid
should be characterized. The practical applicatiohincreased densification and
hardness in the metal-ceramic composites shouldnbestigated. For example,
impact testing should be conducted on metal-cergiates with and without the
nanoparticle sintering aid to study the propagatdnresulting stress waves and
damage evolution. Furthermore, the tradeoffsiioriag the gradient microstructure
to meet specific performance objectives, such arggrabsorption in an armor
application, while minimizing mass should be deteed through use of the
experimentally-verified microthermomechanical FEAdeI.

5.2.3 Refinement of Microthermomechanical FEA Modefor Bulk
Processing of Geometrically-Complex Graded Structues

To further develop the scientific foundation fdmet bulk processing of
pressureless sintered metal-ceramic compositesmikeothermomechanical FEA
model should be refined to identify crack-free geats for geometrically-complex
molded structures. With these refinements, the atiogl efforts should be able to
identify an optimal gradient thickness which minnes material waste as well as

structural weight and thickness. The role of ilmr@al processing on the blending of
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discrete layer boundaries should be further charaetd and subsequently modeled
in order to predict the evolution of gradient metractures and associated material

properties.
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