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Abstract

High-melting temperature oxides, carbides and desi are superior in
hardness and strength to metals, especially inreegenditions. However, the
extensive use of such ceramics in structural eweging applications often
encountered critical problems due to their lackdafnage tolerance and to the
limited mechanical reliability. Several ceramic quosites and, in particular,
laminated structures have been developed in regeats to enhance strength,
toughness and to improve flaw tolerance. Significirength increase and improved
mechanical reliability, in terms of Weibull modulas minimum threshold failure
stress, can be achieved by the engineering of titieat surface region in the
ceramic component. Such effect can be realized diiygua laminated composite
structure with tailored sub-surface insertion ofels with different composition.
Such laminate is able to develop, upon co-sinteringpatial variation of residual
stress with maximum compression at specific deptimfthe surface due to the
differences in thermal expansion coefficient of thastituting layers.

In the present work silicon carbide has been salees second phase to
graduate the thermal expansion coefficient of ahamidue to its relatively low
specific density that could allow the production lkijhter components with
improved mechanical performance, also for high &maure applications. Ceramic
laminates with strong interfaces composed ofQAISIC composite layers were
produced by pressureless sintering or Spark Pl&intaring (SPS) of green layers
stacks prepared by tape casting water-based suspsn#lonolithic composites
containing up to 30 vol% silicon carbide were fahted and thoroughly
characterized. Five engineered ceramic laminatéls paculiar layers combination
that is able to promote the stable growth of swrfdefects before final failure were
also designed and produced. By changing the cotmposif the stacked laminae
and the architecture of the laminate, tailoreddwssi stress profile and T-curve were
generated after co-sintering and successive cooliegch multilayer.

The results of the mechanical characterization slivat the engineered

laminates are sensibly stronger than parent mdmolicomposite ceramic and
%



exhibit surface damage insensitivity, accordinght® design. Such shielding effect
is especially observed when macroscopic crackintnaduced by high load Vickers
indentations. Some designed multilayers exhibiticed strength scatter and higher
Weibull modulus, which implies superior mechanigaliability. Fractographic
observations on fracture surfaces of the enginelarathates show a graceful crack
propagation within the surface layers in residuahpressive stress which can be
attributed to the stable growth of superficial &sdefore final failure as it is
predicted by the apparent fracture toughness cuBueh fracture behaviour is
considered to be responsible for the peculiar sarffamage insensitivity and the
improved mechanical performance.
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Chapter |

Introduction

Materials have always been an integral part of huncalture and
civilization. The role of materials has been so amgnt that historians have
identified early cultures by the most significanaiterial used then, consider the
Stone, the Bronze and the Iron Ages of the pasiayowe are not limited to one
predominant material. Engineers adapt materialsottety’s needs and advanced
technologies rely on sophisticated materials thesan refer to our modern society
as the “age of technology” [1].

Ceramics industry is the largest raw materials stiguand ceramics are
encountered in virtually every facet of everyddeg.liTraditional ceramics such as
cements, glasses, refractories and clays are Yasgia or clay based and typically
involve low-cost fabrication processes. The maia afsthese ceramics is focused on
tableware, sanitary wares, fireclays, constructioraterials and applications
involving static loading in compressive locatiofifis use exploits the dominating
characteristics of ceramics as chemical stabititgh melting point, high hardness,
high elastic modulus and compressive strength, Faglder resistance than that of
either metals or polymers to high temperaturestarsgvere environments [1-3]. In
view of such an attractive combination of propetihe development and discovery
of novel uses of ceramic materials have been inggtoand ceramics have been
considered as potential materials for many sedbisdustrial society as aerospace,
electronics, nuclear, biomedical, catalytic, elecic, communication, structural and
tribological applications [4].

Adequate mechanical properties as strength, hasdtmsghness and wear
resistance are of prime importance for structurppliaations. An optimum
combination of high toughness with high hardness strength is usually required.
Therefore, in the past decades, the study of médlamehaviour of ceramics and
the development of ceramic materials with propemigimation of mechanical

properties has been the major focus in the ceraagioemunity [5]. This has led to
11



the discovery of new classes of structural ceranaterials that are typically used in
components which are load bearing and at the same ¢xposed to severe
conditions of wear, corrosion and temperature. iBagmt success has been
achieved in many modern designs as cutting-toohrtelogies, wear resistant
components, heat exchangers, prosthetics, heateengmponents, thermal barrier
coatings and ballistic armour [4].

Unfortunately, ceramics are inherently strong impeession but apparently
week in tension and bending. General attribute®ssly affecting an extensive
application of ceramics as structural materials Hreir lack of the requisite
toughness, brittleness and variability in strengthe strength of ceramics is indeed
statistical by nature of the flaw distribution wittthe body because any geometric
irregularity leads to a stress concentration. Therage size, size distribution and
type of inhomogeneity determines average strength strength distribution.
Moreover a crack once started may grow spontangomsen the critical stress
intensity is exceeded and, without ample ductility,energy is consumed by plastic
deformation. Therefore, the failure is brittle, imdiate and occurs in catastrophic
manner while the wide strength scatter lead to pmechanical reliability and impair
safe design [6-8].

In order to overcome these problems, two princigaites have been
explored in the last decades and the challengesd@mntists has been to make
ceramics stronger or tougher. The first route @iasn decreasing flaw presence
and severity with more sophisticated preparati@t@ss control, proof testing or by
reducing the component dimensions [9,10]. Glagedilare a typical example used
to show that, if no flaws are present, the tensttength will be as high as the
compressive strength. If protected from surfacasibn, glass fibres attain strengths
greater than steel [8]. The ceramics communityltegs involved with more interest
in the second route that regards the design andla@went of new materials and
structures with increasing toughness and improlaa folerance [6,8]. In this case,
fracture is controlled by a toughness curve andntlag¢erial possesses a T-curve
behaviour. Current approaches to toughening amggmissipative and increase the
apparent strain before fracture is completed. Splastic deformation is strongly

inhibited in ceramics, this process can involveesal microstructural toughening

12



mechanisms as matrix microcracking, fibre debonding phase transformation
toughening. In the first two mechanisms, fractusedaces are increased markedly
so more surface energy has to be provided, migplattements appear as apparent
strains and the energy consumption during fractarincreased. Polycrystalline
structures with anisotropic grains or compositeicttires with particles, platelets,
whiskers or fibers as second phases were prodeceshibit crack pinning, crack
deflection, crack bridging, fibre pullout, debonglinand stress-induced
microcracking [11,12]. Phase transformation touggnutilizes a rapid stress
induced structural transformation that involves alan volume increase and/or
shape change. The increased toughness is derivedttie work required to induce
the transformation in the vicinity of the propagaticrack and from the compressive
stresses produced by volume expansion that stremdtie material ahead of the
crack tip. This concept has been applied in madmglizirconia and systems
containing dispersed zirconia particles [11,12fe&t induced plasticity in metallic
binder and dispersed phases also enhanced fraegistance [8]. Unfortunately, all
these solutions require an accurate control ofrreaterials and processing, are quite
expensive and only partially overcome the probléistr@ngth scatter.

The latest developments in ceramic composites ghatthe use of layered
structures is the most promising method to incremsehanical performances and
reliability. Indeed, with multilayer ceramics it gossible to design a structure that
can be used to control cracks and brittle fractBmme metal/ceramic laminates and
several multilayer ceramics, produce in a wide eamf materials as alumina,
zirconia, silicon carbide, silicon nitride and bomitride, have been investigated in
the past. In metal/ceramic laminates, the tougheekancement is controlled by the
closure exerted by the metallic bridging layersidstthe crack [13]. In ceramic
laminates, toughness has been enhanced by theliotion of weak interfaces or
internal stresses. The presence of weak interfalesis for energy dissipation
before fracture through mechanisms of crack deflectrack bridging and interface
delamination. The weakness is given by layers nlablly sintered, generally a
different material with respect to the main muitéda component, or by the addition
of pore forming agents in specific layers, bringitogporous structures [14-16].

Although the improvements in fracture resistancthase laminates were sufficient
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to ensure their safe use in many structural appdics, delamination and easy crack
propagation along the weak interface has been #jernmpediment for a wider
use. In the case of ceramic laminates with stromgyfaces, strength and toughness
has been enhanced through design of controlleduaisstresses. Tempered glasses
are a well recognize and inexpensive method to resehanechanical properties by
the introduction of surface compressive stressgsTHis goal can be achieved in
ceramics through the production of laminates whessdual stresses arise from
differences in sintering rates, Young's modulustte@rmal expansion coefficients
among the laminae of dissimilar materials. The lag@mposition, as well as the
system’s geometry, allows the designer to contnel tagnitude of the residual
stresses. In particular, if compressive stresseslarated at the surface of the
multilayer, strength is enhanced [17]. Reliabilisy favoured when compressive
residual stresses are induced in internal layeiis &Eminated structures composed
of alternating thin compressive layers and thidkesile layers. These laminates are
characterized by a threshold strength below whigsture does not occur [18,19].
The most important limitation of such multilayessthat they can be used only with
specific orientations to the applied load and tlaeg not suitable for producing
shells or tubes usually required in industrial &ations.

Recently, Sglavo and co-workers [20-25] have demnatesl that the
introduction of a residual stress profile with th@ximum compression at a certain
depth from the surface of a glass or a ceramic rlatei can force the stable
propagation of surface flaws up to this specifiptiebefore the final catastrophic
failure. Therefore, these materials exhibit highiersgth independent on the
dimensions of inherent defects and characterizedablimited scatter. High
mechanical reliability or minimum strength have maxperimentally observed in
oxides laminated structures. In addition, the potida of these innovative ceramic
laminates is economic because based on common iceraterials and inexpensive
conventional fabrication methods. These laminatedids are therefore natural
candidates for structural applications as in theeaaf load bearing components in
automotive and aircraft industry, biomedical presik, chemical plant linings and
safety systems. The motivation for the use of tHas@nated composites can be

traced back to the observation of biological strites in which the most performing
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parts of the material are located in regions tlhpegence the highest stresses.

In this work, the approach proposed by Sglavo e ollowed to design
and develop new alumina/silicon carbide compositeihates with high thermo-
mechanical performances. This materials systenbbes selected to produce lower
density bodies respect to the oxides systems prslistudied. In fact, more often
density becomes a limitation or a requirement itecting the ceramics for
structural, defence and biomedical applicationsadigition, alumina and silicon
carbide possess higher thermal conductivity thastrather ceramics. Thus they are
less subject to thermal cracking from sharp tentpegagradients and have potential
for dynamic high temperature service such as rotorsgas turbines [1].
Alumina/silicon carbide composites have been studirtensively for their good
thermo-mechanical behaviour, especially remarkabigh-temperature creep
resistance, and alumina itself is a potential mdior structural composites with
high temperature capability because of its goolil@iiaat high temperatures [11].
The alumina/silicon carbide system represents alschallenge because of the
adverse effects during sintering, as weight los$ poor densification, so they are
generally prepared by hot pressing [11,26].

In the present paper, alumina/silicon carbide nayléired ceramics with
residual stress profiles engineered to promotgthpagation of surface defects in a
stable manner up to a maximum depth have beenraebignd produced by tape
casting, lamination and sintering. Specificallyegsureless sintering and Spark
Plasma Sintering have been used for novel laminai@sufacturing routes. The
results of the mechanical characterisation of thgireered laminates, compared to
the behaviour of simple homogeneous laminates, epiibnat the manufacturing
procedure described in this work can be used ssfidgs to produce
alumina/silicon carbide composite laminates witpiaved reliability. Evidences of
stable growth phenomena occurring in the laminbta® been demonstrated by the

analysis of the post indentation strength and agtégraphic analysis.
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Chapter II

Background

2.1  Fracture behaviour of ceramic materials
2.1.1  Brittle behaviour and strength scatter

Ceramics are compounds that contain metallic armd metallic elements
held together by very strong covalent or ionic ipdyt covalent bonding.
Considerable energy is required to break theseibgntherefore ceramic materials
exhibit refractoriness, chemical inertia, high gtasnodulus and hardness, also at
temperatures above 1000°C. The chemical strucfutt@soclass of materials is also
responsible of another typical feature of ceramhrittleness. The strong atomic
bonding do not allow a relevant plastic deformatiam which sliding between
crystalline planes occurs, and fracture happensnéafly by bond rupture that
propagates in the body at high velocity and lovesstrlevels in elastic field.
Therefore fracture occurs in brittle and catastiopmmanner. Little energy is
absorbed in brittle fracture, just the energy toesate atoms and create new surface
is required. Negligible energy for plastic deforioator other dissipative processes
is involved over most of their useful range of @iemal temperature. As a
consequence, the energy requirement to fracturacture toughness, of ceramics
is poor, with values typically below 5 MP&R{5,6].

Linear Elastic Fracture Mechanics (LEFM) is theibdkeory of fracture
that deals with sharp cracks in elastic bodiess. ¢ienerally applied to materials that
exhibit linear elastic behaviour up to failure,csamics [7,8]. The basis of LEFM
has been originally developed by Griffith (1920)realizing that bulk strength of
most materials is lower than the theoretical calesitrength predicted from
interatomic potential considerations. He assumest materials must contain cracks
that act as stress concentrators and reduce thammaxload bearing capability.

Griffith considered an infinite plate of unit thiogss subjected to an external
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uniform tensile loading and containing a througitkhess crack. He suggested a
criteria for the crack extension by developing aergy approach in which the static
crack is considered as a thermodynamically revierssiystem and fracture is a
process controlled by energy exchanges betweebdtig and the loading system.
In 1948 Irwin observed that the energy balance @seg by Griffith involves terms
promoting crack extension and a term representiagésistance of the material. So
he defined two parameters: the “strain energy seleate” G as fracture driving
force and the “crack resistance force” R that repnés all the crack propagation
resistance processes available inside the matarialddition, Irwin suggested that
all stress systems in the vicinity of a crack canderived by only three modes of
loading of the crack faces (crack opening mode odenl, shear mode or mode I
and tearing mode or mode Ill) and demonstratedpgusin elastic analysis of
stresses, that the local tensions near a crackigier than the stress applied to the
body. This amplification of stresses near the ctizlhs represented by a parameter
called “stress intensity factor” K. Irwin proposadsimple relationship between K
and G and introduced a stress approach alternttithe energy approach. Both
approaches compare the moving force for crack majen and the relative
material resistance pointing out that fracture egocwhen a critical condition is
reached. In particular, failure is considered teuscwhen G and K, functions of
stress state and crack geometry, reach respec®elyd the “fracture toughness”
K. These critical values are material intrinsic Enigs.

In this work, the stress approach and, for synghasily the crack loading
mode | will be considered. Among the three cracdlog modes, mode | is indeed
the more common and dangerous in brittle materidig. stress intensity factor, K

corresponding to mode | is expressed by the relsthiip:

K, = Y(S(nc)o'5 Eq. (2.1)

where Y is a dimensionless parameter that depemdseocrack and loading
geometriesg is the nominal applied stress and c is the craogth as measured
along the direction normal to the stress axis. @dpailibrium condition for the crack

propagation is reached whentéaches the critical valugd
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KI :KIC Eq. (2.2)

Therefore, only the material toughnesg Knd the defect dimension c are necessary

to completely describe the material strengtlas in the equation:

Kic
Y (mc)®

Cp = Eq (23)

Considering Eqg. (2.1) and Eqg. (2.3) it is posstiole@epresent the applied stress as
the angular coefficient of a straight line througk origin in the graphic KYx%9
vs @ (Figure 2.1). So, the strength of a material efgtiness g, independent of

crack length, can be easily identified when thededimension is known.

ECY S 4
Ty

Kof(Y R85

L

045 05

Figure 2.1: Strength as a function of single-vafgeture toughness Kand defect
dimension c in the graphiciYz°® vs &°. Strengthss,o andoy, relatives to gand

c; crack lengths are shown.

Defects considered in Fracture Mechanics are shbeapks with a well
defined geometry. In brittle materials these deface generally assumed to form by
cleavage of atomic bonds in regions in which theme high local stresses. These

high stresses arise because of the heterogenedue ra& the material at the
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microstructural level or because of inelastic defation that cannot be
accommodated [6]. Defects, generally present hetldé the component and on its
surface, can form during processing from voids|uisions or agglomerates or can
produced during subsequent service from thermaktlshar contacts events as
impacts, erosion and wear. Surface defects arddmmesl more severe for ceramics
because bending load is usually applied and bedate®al flaws are more easily
avoidable through processing optimization. Theselctike defects form a variable
and unknown statistic population, usually of thdesrof 5um to 200um in size
[27], that according to Eq. (2.3) lead to a strbndistribution. Brittle fracture
strength depend on the stressed volume or surfeea and typically exhibit
significant scatter, frequently with a coefficieat variation about the mean in
excess of 10% [27]. Consequently, ceramics arechatacterized by a fracture
strength with a limited variability, useable saféty design, and manifest a poor
mechanical reliability that restrict their use trustural applications.

A probabilistic prediction of material performanite widely adopted for
materials which strength depends on the presenae ohknown defects population.
This variability in strength is often express innts of probability of failure Pof a
sample under a stress or probability of survivat B - B. These probability, related
to the probability of existence in the materialdefects of specific dimensions, are
generally calculated by using the probabilistic elodeveloped by Weibull and
based on the weakest link fracture theory. The MAlkidistribution of flaws is
usually adopted as statistical approach due teatmbility to analyze material's
phenomena represented by a symmetrical and asyioatetata set. In the weakest
link approach the probability of occurrence of t@eents is the product of the
probability that each event take place indepenygefitie test sample is considered
as a chain made of N elements and the failure ettitire chain happens when the
rupture of the weakest link befall. According tastapproach, fracture is controlled
by the most critical defect, that is the defeclanfiest dimension favourably oriented
toward the tensile stress direction. The Weibdlufa probability at a given stress

is defined in its simplest form by the two empitiparameters relation:
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A :1_J_[;ﬂ Eq. (2.4)

where o¢ is the characteristic strength and m is the Weibubdulus. The

characteristic strength can be interpreted as thength value in which the

cumulative probability of failure of a body with itirvolume is 63.2% and can be
calculated setting = o in Eq. (2.4). It is related to the mean strengttl dislocates

the distribution of strength in the stress spadee Weibull modulus describes the
scattering of the mechanical strength data. Famies, m is usually of the order of
5 to 20 [6], in particular of about 10 [8] for cantional as-finished ceramics while,
for structural ceramics, m varies between 3 and282, depending on processing
conditions. The higher the m value, the lower is #trength dispersion and the
higher the mechanical reliability. The expressibE@. (2.4) is usually rearranged in
terms of logarithms to obtain the following relatship which allows an easy

estimation of the Weibull parameters:

In{ln(l_lpf ﬂ =mlinc —minocg Eqg. (2.5)

Indeed, in the diagram In[In(1/19] vs. Inc (Figure 2.2) the Weibull modulus can
be calculated from the slope of the straight bfi¢he distribution function and the

characteristic strength from the intercept with thasion axis. The fitting of a

straight line is often done using linear regressionsuch a procedure, the total
number of failure strength data N have to be amaingascending order and the
probability of failure P of the sample with rank i have to be estimate as:

p=120° —N0.5 (i=1...N) Eq. (2.6)
Fracture tests have to be performed on a staligtgignificant number of samples,
usually between 30 and 50, to know the Weibull peaters with any accuracy [6].
The Weibull analysis is valid for an isotropic mé&e containing a uniform
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distribution of isolated, not interacting defectsdaundergoing to fracture for

unstable propagation of the largest defect.
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Figure 2.2: Weibull diagram for soda-lime glassdaa vitreous-bonded

polycrystalline alumina tested under inert condigd8].

Several alternatives have been proposed to overdbmeroblem of an
unacceptably high failure probability for typicaégign stress. One approach is to
reduce the strength dispersion and to improve teehanical reliability of single
value toughness materials without changing thetdractoughness. This could be
accomplished by reducing the presence and/or dengeess of defects by
shrinking the flaws distribution and limiting thargest defect dimension. For this
aim, some sophisticated powder processing techiegdgO], that abate the density
and dimension of defects, and methods as craclnedl], applicable to ceramics
that have the ability to heal cracks and recovength, have been developed. Proof
testing [6,8] is also used, especially in aerosgabaircraft field, as a technique to
control the strength distribution. In a typical pféest, components are subjected to
a proof stress higher than that anticipated iniserw severe conditions. The weak
components, with the largest flaws, fail or give iadication of failure and are
discarded. The survivor components exhibit a tholesktress, a minimum value of
stress under which the failure probability is zéfigure 2.3). Thus, proof testing
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truncates the strength distribution at lower sgesguarantees that all components
will be at least as strong as the proof stressestablish a well defined stress level
for design. This method is very expensive, generatehigh amount of waste
products and cannot be easily performed on big ocmpts. In addition, only the
severity of processing defects can be reduced whdereliability decrease due to
defects generated during service can not be avoRlegntial problems occur also
when subcritical crack growth accompanies prodfrtgs

0.99

e
B

09

I |

1

Failure probability, P
T

I 1
300 500 700 1000
Inert strength, or, (MPa)

Figure 2.3: Weibull plots for hot-pressed silicoitride before (open circles) and

after (filled circles) proof testing at= op [8].

2.1.2  T-curve behaviour and microstructural toughening

In the early use of fracture mechanics, brittleaodcs was considered to
assume a fracture toughness independent on crackhldg6]. In this case, the
equilibrium condition for crack propagation is defid by Eq. (2.2). Now, consider a
body with single value toughnessckcontaining a crack of lengthy end subjected
to an applied load gradually increased from zera toaximum level (Figure 2.1).
At low stress levels the corresponding stress sitgfactor K is lower than k. and
the crack maintains its length, if subcritical pberena are not active. When the
applied stress is high enough to reach the critioaditions expressed by Eq. (2.2),
and thus thesy, value, the crack initiate to propagate. Moreowas, the crack
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extends, the applied stress intensity factor ire@eanore rapidly then the material
toughness, a finite difference betweenalid Kc is produced and the excess energy
stored in the material is dissipated in kineticrggeas crack acceleration. The crack
begins its acceleration on a relatively smooth aagfor “mirror zone” [8]. The
running crack speed increases up to a maximum valaged to the motion ability
of the local stress field near the crack tip. Wkies maximum speed is reached, the
mechanical energy released by crack propagatiadissipated in branching and
noising. At this critical stage of propagation seveurface roughening or “hackle
zone” is produced. An intervening transition regiofh fine scale subsidiary
fracturing of “mist zone” is also present (Figure4)2 This kind of fracture

propagation is unstable.

Py
108048 pm

Figure 2.4: Fracture surface of fused silica glasd broken in bending, showing
mirror, mist and hackle zones spreading outwardrfifoacture origin (indicated by
the arrow in the lower edg§29].

However stable, slow and quasi-static, crack gragthlso possible in two
particular circumstances. In some cases the cotitinaf sample geometry and
loading conditions can lead the applied stressnsitg factor to decrease with
increasing crack length. This requirement is gatisffor fixed grip loading
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conditions on a material exhibiting single valuaigbness as in the Obreimoff
(1930) experiment on the cleavage of mica [6,8}.tRAis case, the crack propagates
to an equilibrium length but immediately arrestcsi the stress intensity factor is
lower than the toughness for any further crackenent. To restart propagation it is
necessary to increase the displacement. The setmughstance occurs in materials
exhibiting a fracture toughness that increasegpstathan the applied stress intensity
factor with crack extension. These materials expee the T-curve behaviour,
where T means toughness. When the energy appredalowed, the denomination
R-curve behaviour, where R is the resistance tokcgaowth, is commonly used.
Therefore, the conditions of stable propagationciafck are satisfied when the
equilibrium is satisfied and when the increaseoofghness with crack extension is

larger than the corresponding increase of strasasity factor:

Ki=Kic
dKy _dKe Eq. (2.7)
dc = dc

The crack growth behaviour can be more complex midipg on the
variability of the fracture toughness with crackdén and hence on the trend that the
T-curve assumes in the graphig(®n>% vs @5 Consider a body, that exhibit a
generic T-curve as in Figure 2.5, subjected toaal Iprogressively increased from
zero. When the stress lewg| is reached, stable propagation of cracks of leegth
starts, since no energy excess is available fakcaaceleration. All the defects of
dimension included in the finite interval,[a,] also propagate in a stable manner.
They are equally critical and lead to failure & ffame stress leve). If the inherent
defect population is included in such interval,irgke value strength is observed.
When the body contains flaws of dimensions shatftan the stability interval,
unstable fracture occurs. Cracks with dimensionduded between jcand ¢
propagate in unstable fashion for stresses betwgemand c,. Due to their
acceleration such cracks can growth up to a leggthter than deading to fracture
for stresses lower tham,. Conversely, if the largest defect is shorter thgithe
strength results higher than and scattered.
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Figure 2.5: T-curve with a stable crack growth @éntal [c;,¢;]. Straight lines
correspond to the applied stress intensity facksagiated to the threshold stress
and the strength,.

Fracture toughness, considered as a function ofkclangth, is more
properly a function of the crack length increasematerials where toughening
processes at the crack tip are active on growiagkst The T-curve behaviour of
such materials is a key factor to obtain a redudetect sensitivity, or flaw
tolerance, a lower strength scatter, a better nmecalareliability and a more wide
industrial application. For this reason, fracturecimanics concepts have been used
by scientists to study toughening mechanisms anpraduce new ceramics with
manipulated microstructure and improved mechanidahaviour. Plastic
deformation mechanisms are inhibited in ceramicenms, thus researchers have
developed specific polycrystalline or compositesrostructures in which energy
dissipative toughening mechanisms are promoted. tBe@y on how the material
microstructure influences crack propagation andjtoess is crucial for the study
and development of tough ceramics. Unfortunatdig, general behaviour of real
cracks in ceramic microstructures is too much cempb be treated and several
theories, that simplify the model considering agEntoughening mechanism at a

time, have been proposed. As a matter of factewifft mechanisms can act together
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and the total effect is not necessarily a simphedr combination of the single
effects. The toughening mechanisms observed inméeraaterials [6-8] can be
classified into two principal groups: mechanism&ingcwith crack tip interaction
and mechanisms acting with crack tip shieldingb(@.1).

Table 2.1: Toughening mechanisms in ceramic mdteria

Crack front bowing

Crack tip interaction )
Crack deflection

Dislocation clouds
Microcracking

Phase transformation
Crack tip shielding Ductile second phase

Process zone activities

Grain bridging
Crack bridging Fibrous second phase
Ductile second phase

Crack tip interaction occurs when tough obstace@aced in the material
to directly interact with the crack tip and to didt the crack motion. The obstacle
could be second phase particles, fibres, whiskersgions that are simply difficult
to cleave. The toughening effect, related to theratteristics of heterogeneities and
to the nature of the interaction between the defadtthe reinforcement, is the result
of the reduced stress intensification at the ctgkdue to the crack path deviation.
The crack has allowed two different mechanismsvimichthe obstacle: crack front
bowing or crack deflection.

Crack bowing could be observed when a dispersedhtgparticle is
considered to be crossed by the crack front. Tisedbnsequence is a pinning action
occurring on the front in the crack plane localisedorrespondence of the particle.
The crack front locally bends and develops a cureatn order to end normally
against the particle (Figure 2.6 (a)). When suciir@ature reaches a critical value,

the crack overcome the particle. In addition, & thbstacles remain intact, bridging
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produces an increase in fracture toughness. Thishaméssm has a limited
importance for ceramics because in the most casedispersed particles are brittle

and break before the bowing effect completes.
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Figure 2.6: Crack tip interaction: (a) crack bowinfp) crack deflection. Direction

of crack motion is shown by arrows. (Adapted fr@h). [

Crack deflection occurs when the crack is deflectatiof the plane that is
normal to the applied uniaxial tensile stress (Fége.6 (b)). The crack is no longer
loaded in a simple mode | and the applied streengity factor acting on the crack
tip is reduced. Two kind of deflection of crack méacould be observed during
propagation: tilting of the crack about an axisafiat to the crack front and twisting
about an axis normal to the crack front. A tortuawack path, manifested as
roughness of the final fracture surface, is produaecordingly. This mechanism is
present in homogeneous polycrystalline microstmestwvith week grain boundaries
or with residual stresses due to anisotropic grdmsomposites, the toughening
effect is more important and depends mainly orvtiieme fraction and distribution
of the second phase and on the geometry and asgextof the particle. Indeed,
toughening by crack deflection is estimated to éase as the obstacle shapes
change from spheres, disks and rods. Bridging aihgror second phases could also
happen after cracking leading to an improve of éfficacy in toughening. Crack
deflection is a dominant toughening mechanismdumima reinforced with silicon
carbide platelets [6].

Toughening mechanisms acting as crack tip shieldlielp to protect the

material from failures as a shield, reducing theesst intensity near to the
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propagating crack tip. They are always charactdrtae a process zone around the
crack tip or by a bridging zone behind the cragk that contains unbroken
reinforcing items behaving as ligament betweendpposite cracked surfaces. In
some cases, process zone and bridging zone couldrdsent together with a
synergic effect on fracture toughness. The registdn crack propagation in the
process zone toughening mechanisms is due to pleregriocalised in a circular
region in the front of the crack, involving a nanear deformation that reduce the
stresses acting on the crack tip. The shieldingcefin this region rises from the
interaction between the highly intensified streseldf and the material
heterogeneities. The main process zone tougheniachanisms are dislocation

clouds, microcracking, phase transformation andildusecond phase.
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Figure 2.7: Process zone toughening mechanismsdigocation clouds, (b)
microcracking, (c) phase transformation and (d) tilecsecond phase. (Adapted
from [8]).

Though the formation of new dislocations in covalen ionic crystal is
thermodynamically hindered , the rearrangementefgxistent line defects by shear
in the highly stressed zone around the crack tep @ssible event (Figure 2.7 (a)).

This sort of dislocation recovery requires energybé performed and produces a
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slight increase in fracture toughness. Therefohés tmechanism is of limited
importance in ceramic materials.

Microcracking phenomenon regards the nucleationtheddevelopment of
microcracks within the process zone because ohite stress level present in the
location (Figure 2.7 (b)). Nucleation starts inrimsic week sites as intergranular
defects or zones containing localized residualiestresses. These residual stresses
could be the result of phase transformations, takaxpansion anisotropy in single
phase polycrystalline ceramics and thermal expangio elastic mismatch in
composite materials. So, microcracking can formngmeeously during fabrication
processes, as in a cooling step, due to differericethe thermal expansion
coefficient of phases or anisotropic grains. Thegtening effect derives from the
stress relaxation within the process zone and ftben energy dissipated as
mechanical work to increase the length and thekcmygen displacement of
microcracks.

Phase transformation toughening is the most impbriagrocess zone
toughening mechanism. This phenomenon could be oikedl in materials
containing grains able to withstand a phase tramsftion with volume expansion
under the action of the stress field around thepggating crack (Figure 2.7 (c)).
Transformation toughening almost always involves tise of partially stabilized
zirconia particles in a ceramic matrix, as alumiiaconia has several polymorphic
transformations as it cools, cubic to tetragonal2870°C and tetragonal to
monoclinic at 1000-1200°C [6]. The latter step isnartensitic type reaction that
involves a ~4% volume expansion and a ~7% sheainsii8]. This step is easily
avoided during the cooling process after sintetipgtabilizing the tetragonal phase
at ambient temperature with several agents asyttgria and magnesia. However
the phase transition could also occurs by a sheplagement. Therefore, the
application of large mechanical stresses to theposite, as during the fracture
process near the crack tip, nucleates the tetragomaonoclinic phase change. The
accompanying volume expansion induces compressigesgs that strengthen the
material ahead of the crack tip and increase fradaughness.

The dispersion of ductile particles, typically nigtan a ceramic matrix is
another practical way to increase fracture toughn@gure 2.7 (d)). The high
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tensile stresses present in the region aroundréuk ¢ip allow to reach the yielding
condition for the ductile phase and hence the gnemnsumption in plastic
deformation. The fracture toughness increase is addated to the subsequent
bridging phenomena by ductile particles actingtmndrack surfaces.

Crack bridging mechanisms are due to processesrougioefore the crack
tip, also at high distances. Pulling forces betwtbencracked surfaces are developed
by the interlock of agents acting as bridges tivaddr additional crack opening. The
mechanical work required to overcome these puliimges promotes an increase of
fracture toughness. The reinforcing agents canirbpls grains, fibres, whiskers or
ductile particles. Many monophase polycrystallireramics with elongated and
large grains exhibit grain bridging after interguéar fracture (Figure 2.8).

OG0

Figure 2.8: Grain bridging. (Adapted from [8]).

The shape and dimensions of grains and the presg#nesidual stresses,
that support the grains contact after fracture ttaeemicrostructural variables of this
mechanism. In particular, two toughening effectsgem when the crack propagates
on the intergranular path and runs into a grainndawy. Crack deflection
phenomenon occurs because the crack plane is diftede grain boundary and it is
not yet perpendicular to the applied load. Graiidding follows the fracture with
mechanic interlock and friction between grains. Thaghness improvement is
higher for longer cracks involving more grains dod bigger grain dimensions.
Nevertheless, the grain size has to be small entaugibtain good strength values
according to the Hall-Petch relationship [12]. Tireurve behaviour induced by this
toughening mechanism in polycrystalline aluminasigstantial, especially for
grains with size of about 10-20n [30]. The prevalent fracture mode in alumina is
indeed the intergranular mode, with transgranukectéire partially present in grains
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bigger than 1um [8].

The arising of a bridging zone during fracture is efficient toughening
mechanism acting in composite microstructures whesecond reinforcing phase is
added to a matrix. These ceramic composites caaldssified, according to the
main active phenomenon, as composites reinforceld little embodiments and

composites reinforced with ductile second phases.

(4) (k)

Figure 2.9: Crack bridging in composites. (a) fimsecond phase, (b) ductile
second phase. (Adapted from [8]).

The brittle reinforcements, usually whiskers anbirefs, are characterized by
toughness values comparable with the matrix onehgiu strength. Therefore, the
bridging zone effect (Figure 2.9 (a)) is usuallgremsed by the presence of week
interfaces between the matrix and the second phatset bridges and frictionally
sliding bridges, or pull-out, are the basic evestiservable as the crack propagates.
When the bridging item is not broken and still beddo both crack surfaces, part of
the tensile stresses are supported as localisédgpfdrces by elastic deformation of
the item intersected by the crack front. Only thieforcement in the region near the
crack are involved in this pulling action since tirack opening displacement is too
large at higher distances. Pull-out occur when rigiaforcing agent strength is
higher than the adhesion between agent and mahig.phenomenon of frictionally
sliding bridges is always preceded by debondinghase when the crack deflects
and follows a path along the interfaces reinforasineatrix. Excluding phase
transformation, pull-out is the most effective theging mechanism in ceramics
since the amount of involved energy is considerdaitge. Quite high toughness
values can be also reached when ductile partickeadded to a ceramic matrix. The
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bridging effect is exerted during the elastic elamn of intact particles up to the
yielding condition and during the further plastiefarmation of bridges arranged in
the region near the crack (Figure 2.9 (b)).

As a consequence of these toughening mechanisrosyvé- behaviour,
leading to increase of fracture toughness typidatyn 1-5 MPa f° up to even 35
MPa nf-5[6], and improved mechanical reliability can besetved in proper well-
designed monophase or composite microstructures.

2.2 Alumina/silicon carbide composites

Alumina is one of the most popular ceramic materiaded in structural
applications because of its excellent propertieshsas chemical stability, high
melting temperature, strength, hardness and comosesistance. Due to its
refractory nature, alumina is widely used in thdrniaers, thermal barrier
installations, high temperature insulating systeonscibles and heaters. However,
similarly to most ceramics, the intrinsic brittleiseof monolithic alumina limits its
reliability and prevents its wider usage. Therefa@edition of inert second phase,
like hard ceramic particulate, platelets and whiskéo monolithic alumina is an
effective way for strengthening and toughening. Beeond phases control the
microstructure, by suppression of grain growth amtml of grain morphology, and
improve toughness according to the mechanisms mexsepreviously. Some
popular examples of ceramic matrix composites elUALOL/ZrO,, and
Al,04/SiCy,) which are used as wear parts, bioceramics anihgttiol inserts.

SiC is an ideal candidate for the reinforcement darmina composites,
especially for structural applications at high tengiure, due to its wide availability,
low cost, low density and excellent thermal propstt such as low thermal
expansion coefficient, high thermal conductivity darhigh melting point.
Conversely, SiC has poor sinterability, owing ®dtrong covalent bonding and low
surface-to-grain boundary energy ratio. Aluminajalithas high ionic character and
low oxygen diffusion coefficient, compensates thampsinterability of SiC and
protect the carbide from oxidation in severe opesatonditions [11,12]. AD4/SiC

composites have been studied extensively for tgedd mechanical behaviour,
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especially good high temperature performances.e differences in the mechanical
properties of AIO4/SiC composites could be obtained because of thatias in
microstructure and fracture behaviour related te #iffect of different SiC
reinforcements shapes as whiskers, platelets atidiates.

2.2.1  SiC whiskers-reinforced alumina composites

SiC whiskers have been successfully incorporatéal @umina by many
researchers to obtain superior mechanical andldgizal properties as compared
with conventional monolithic alumina, also at temgigres above 1200°C
[11,12,31,32]. AIO4/SiCy, is one of the most widely studied ceramic comosit
materials and it is presently being commerciallyriigated for wear and mechanical
machining applications. Generally, the SiC whistiameters and aspect ratios are
in the range of 0.im to 1um and about 10-20, respectively. Mechanical prageert
such as fracture toughness and fracture strengtlunfina remarkably increase with
increasing whisker content, that could reach 40wa@s shown in Table 2.2 [11,31].
The increase in fracture toughness of these cortgsobas been attributed to crack
deflection due to whiskers presence, with someritmrtton from crack bridging and
whisker pull-out occurring in the process zone atbthe crack front (Figure 2.10).
Rising T-curve behaviour with increasing crack asten has also been observed in
these composites, as associated to the toughen@ahamisms [32]. However,
whiskers reinforced composites are relatively espen materials to produce and
there are health concerns related to the asbaktwgdometry of whiskers. Since
microstructural homogeneity of whisker reinforcedunasina is of primary
importance to achieve successful toughening anthdis may be responsible for
strength decrease, whisker agglomeration may reptestrength limiting flaw.
Unfortunately, it is difficult to obtain good disfson of whiskers within a matrix
and whiskers-containing powder compacts are noy éascompact and densify
because of formation of constraining networks ofskérs. These networks usually
exert tensional stresses on the matrix and sevigreilyit particle rearrangement and
shrinkage during sintering. Therefore hot pressimgich leads to composites with
anisotropic properties, is a common practice foe tfensification of whisker
containing composites.
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Table 2.2: Fracture strength and toughness at anttiemperature of AD4/SiCy,
composites with different whiskers content (Adafriech [11]).

Whiskers content [vol%] Strength [MPa] Toughnes®Ppivnt-

0 150 4.3

5 475 4.0

10 540 4.8

15 652 4.6
20 675 6.1
30 641 8.7
40 850 6.2

Figure 2.10: SEM micrograph showing the crack prggiéon in a AJO4/SiCy,
composite. (Adapted from [11]).
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2.2.2  SIiC platelets-reinforced alumina composites

The great advantage in using platelets as reinfieeoés in composite
fabrication (Figure 2.11) is related to their lesitical geometry respect to whiskers.
Platelets are not dangerous to health as are ensiskre cheaper to manufacture
and process, since no special processing techrageierequired, and could be
introduced in a ceramic matrix in higher contergspect to whiskers without
agglomeration problems that could hinder densificaf11,12,33,34]. Platelets are
available in wide range of dimensions and chemaahposition. Strength and
toughness of alumina can be increased upon thdai@ddif SiC platelets, with
careful control of the reinforcements sizes andmdtion, but the toughening effect
is limited as compared to whiskers reinforced ahamiFor example, a toughness
value of 7.1 MPa fi?, with 70% of increase respect to pure alumina, regsrted
for an alumina composite containing 30 vol% SiCtedkts [33]. Crack deflection
and grain bridging, acting only when the platebstefs are oriented parallel to the
tensile stress direction, are toughening mechanidmagling to the T-curve
behaviour.

Figure 2.11: Cross sectional view of hot-pressefDABiCy, compositd33]. The
hot pressing direction was vertical.
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2.2.3  SIiC particles-reinforced alumina composites

The improvement of the mechanical properties ofmahia ceramics by SiC
particles as inert second phases is another prugnialternative for the more
common whisker reinforcement. Effectively, .8k/SIiC particle composites were
developed more recently and, in particularQMSiC nanocomposites have been
researched intensively because they have beentedporhave drastically improved
mechanical properties over the basic alumina [26(3b

Nanocomposite materials can be defined as comgositenore than one
Gibbsian solid phase where at least one of thegshabows dimensions in the
nanometre range [26]. The solid phases can be either in amorphous,
semicrystalline or crystalline states. Niihara awdworkers [35] reported that the
flexure strength of hot pressed alumina changeah 860 MPa to more than 1 GPa
when it was reinforced with only 5 vol% of SiC pelgs with an average size below
0.3um. The fracture toughness also increased from 38 M*to 4.8 MPa fi°. In
addition, these nanocomposites has excellent leigipérature properties. For
instance, its creep rate at 1200°C is about thréers of magnitude lower than that
of alumina. Chae et al. [36] produced by sparkmkasintering alumina reinforced
with 20 vol% nano-SiC exhibiting flexural strength812 MPa and average fracture
toughness of 3.6 MPa’Mcompared with 663 MPa and 2.95 MP&°rfor the pure
alumina compact, respectively. Flaw healing, maidlgin induced surface
compressive stresses, refinement of matrix gragtatse of the SiC nanoparticles
and tightening of the grain boundaries by the casgive stress field created by the
intragranular nanoparticles embedded in the alurgiaéns are believed to be the
main strengthening mechanisms. The grain refinemantalumina has been
attributed to a decreased grain boundary mobility aetarded grain growth of
alumina caused by SiC particles. Indeed, the ddfust the AJO4/SiC interface is
slow due to the strong directional bonding of bathO; and SiC [42]. In addition,
fracture mode changes from mixed inter/transgranidapure alumina to pure
transgranular within the nanocomposites, becausethef dispersion of the
nanoparticles within the matrix. This was explaineg Levin et al. [38] as a

consequence of the tensile residual stresses Vibidh develops in the matrix
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around intragranular particles because of the thkrexpansion mismatch. In
polycrystalline alumina, tensile residual microsges are expected at some grain
boundaries because of thermoelastic anisotropyseltiensile microstresses can
promote intergranular fracture in monolithic aluminSiC particles included in
alumina matrix grains should create local compwuessiresses on grain boundaries
thus strengthening the boundaries. The formatiostrefss fields around the silicon
carbide particles is based on the differences énntlal expansion of the materials,
which causes radial compressive stresses arouibrsitarbide particles upon
cooling. The stronger AD/SIC interface bonding with respect to,@k/Al,O;
boundaries (the magnitude of interfacial fractunergy between SiC and Ab; is
over twice the AIO5/Al,O; grain boundary fracture energy) can also be taken
account as inhibiting the crack to propagate albegnterface. The residual stresses
deflect the crack towards the intragranular pasicl promoting transgranular
fracture in the matrix. The change in fracture mode also account adequately for
the increase in fracture toughness in these nanpasites. Only in the case of
elongated and irregular alumina grain morphologgtamed by adjusting SiC
content and presence of impurity, a T-curve behavamuld also be considered as
toughening effect [37]. In fact the T-curve in naomposites is less apparent
respect to alumina because of the matrix grain digerease that impair grain
bridging.

Strength and fracture toughness of alumina cannbeeased also by the
inclusion of micrometric SiC particles. Zhang et[42] observed that hot pressed
alumina with 20 vol% SiC particles, with averageesiequal to 2.7um, shows
strength and toughness higher than that of monoldlumina by about 20% at
ambient temperature while at 1200°C the increasef iabout of 30% and 70%
respectively. The strengthening and tougheningceffe higher for higher SiC
contents. These particulate reinforced alumina imatrmposites display improved
fracture toughness due to crack tip shielding, kckaranching and crack deflection.
Micrometric SiC particles are usually allocatedthé grain boundaries, which
results strengthened by the strong Si@DAlinterfaces, leading to a typical fine and
equiaxed morphology of alumina grains and a trarsger fracture mode of the

composite.
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2.2.4  Alumina/silicon carbide hybrid composites

The addition of nanometre-size SiC particles withinmina matrix grains
has been found to achieve a remarkable improvemdrdacture strength, reliability
and high temperature deformation resistance regpaatire alumina. However the
significant increase in fracture toughness wasiaif to achieve in AIO4/SiC
nanocomposites. One possible solution of overcontfilgdisadvantage is to add a
third phase into nanocomposites, since the additibmeinforcement with high
aspect ratio leads to a large increase in fradughness. According to this idea,
fully dense Si(platelets reinforced AD4/SiC nanocomposites exhibiting improved
strength, as high as 700 MPa, fracture toughnesis,up to 8.5 MPa v, T-curve
behaviour and creep resistance were fabricated dmyentional powder mixing

process and hot pressing [43].

2.2.5 Sintering of alumina/silicon carbide composites

Alumina produced by conventional powder routes ¢sn completely
densified in air at 1550°C while higher temperaturre necessary to sinter
Al,O4/SiC composites. Indeed, diffusion at the@JSiC interface is slower than at
the ALO,/AI,O; interface due to the strong directional bondindoth ALO; and
SiC. Since densification in alumina is controlleg dgrain boundary diffusion the
presence of intergranular SiC limits densificatjé]. Consequently, work has been
carried out into the use of sintering aids whiclvdo the sintering temperatures,
enhance diffusion rates or allow for faster simgrby creating a liquid phase [44—
47]. Y,0; and MgO have been investigated as sintering aits Al,O4/SiC
composites both individually and together. In alaiceramics, it is well known
that MgO is able to inhibit discontinuous grain \gth and to promote sintering
which leads to full density [48]. On the other haadsmall addition of YO; can
enhance the densification rate but accelerategrdie growth and is not so good for
densification of alumina [46]. However, yttria emicad the sinterability of the
Al,O4/SIC composites without any substantial microstrtadtdegradation. Pillai et
al. [46] found the most dramatic effect was withwi% Y,0s;, with increasing
density of a AJO4/5 vol% SiC nanocomposite from 92% to 99% at orBpA°C.
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Cock et al. [44] produced fully dense fine graidédO4/5 vol% SiC nanocomposite
with an yttria content of 1.5 wt% and a sinterirgnperature of 1600°C. The
enhancement of sintering by yttria in the,@J/SiC composites is because of the
reaction of silica on the surface of the SiC p&tiqthe surface of SiC particles is
usually covered by a 0.3-0.7 nm coating of natimeoihous silica [49]) with
alumina and yttria and possibly other impuritiesrtorease Si and Y concentrations
in Al,O4/Al,O; grain boundaries producing a grain boundary coitipaswith
relatively high diffusion rates at the used simtgriemperatures. Discrete regions of
(3Y,04:5A1,05) yttrium aluminum garnet (YAG) could form withirheé alumina
grains at the highest yttria content, probably ipitating upon cooling from a
multicomponent eutectic liquid, with melting temaemre below 1700°C.
Unfortunately, the formation of low melting liqughases due to sintering aids are
detrimental to high temperature properties of treesaposites.

Therefore, high sintering temperatures above 1700f@\r or N, as inert
atmospheres used to avoid SiC oxidation, are ysualjuired in fabricating
Al,O4/SiC composites. On the other hand, it has beeortegh that in conditions of
high temperature and low oxygen partial pressugmif&cant weight losses of the
composite samples and several deleterious reacliomsalumina decomposition,
formation of carbides, oxycarbides, liquid phases olatile species can occur [50—
56]. Barclay et al. [50] observed that, when sintggwas conducted in a graphite
resistance furnace with a flowing argon atmosphiére,problem of SiC oxidation
was eliminated, however the compacts exhibited midigsses on the order of 1%
and 10% at 1550°C and 1800°C respectively due gmifgiant reduction of
alumina. Assmann et al. [56] found weight lossesval80 wt% for the 25 vol% SiC
content composite pressureless sintered at 17668@ruflowing Ar in a graphite
furnace. Weight loss increases with sintering tenajpee and time, and SiC content.
When sintering was conducted in, Nveight loss was reduced but phases as AlN,
SiAlI;O,N; and Ak;OsN were formed. Moreover, a permanent melt with the
composition of the eutectic in the ,8/Al,C; system or a silicate glass due to the
reaction between AD;,Al,C; and SiC can be produced [55]. Misra [54] pointatl o
the effect of C and SiQOcontent in SiC liquid phase sintering and showeat the
involved major gaseous species are CQOAISIO and Al vapour. Jackson et al.
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[53] reported that sintering SiC with mixtures of,@4/Al,C5 to form ALOC or a
liquid phase is accompanied by a loss in weightctvhdontributed to a reaction
between AJO; and SiC to produce gaseous SiO;QAkand CO. Also Gadalla et al.
[51] proved that alumina reacts with SiC to foripae 1700°C, AIOC and AlO,C
as condensed phases and SiO and CO as gaseowesspeeid et al. [57] made a
complete thermodynamic analysis of the vaporizabehaviour of SiC/AlO; and
SiC/AIL,O4/Y,O; samples in a open system at 1200-2300K concludivag

vaporization occurs following the fundamental fellog reactions:

Al,O4(s) + SiC(s)—> AlL,O(g) + SiO(g) + CO(g) React. (2.1)

Al,O5(s) + 2SiC(s) + AIO «— 2SiO(g) + 2CO(g) + 4 Al(g) React. (2.2)

Therefore, the main gas species are Al(g}O&d), SiO(g) and CO(g). The relative
amount of the constituent solid compounds changés tivne. For alumina rich
samples the mixture tends toward pure alumina. Waleing into account additional
graphite, the CO(g) partial pressure increases afttitional phases like 40,C,
Al,OC or A|SiC, can occur. These results leads to the affirmatian a control of
the sintering conditions of the A&,/SiC system is essential.

In view of the difficulties encountered with pressess sintering, hot
pressing has been used to densify these comp@sitg6]. Conventional powder
processing, polymer precursor or sol-gel processinges followed by hot pressing
at 1550-1800°C and 20-40 MPa under Ar grdtmospheres are used to obtain
fully densified ALO4/SIC composites. More innovative routes such askspasma
sintering have also been investigated. Spark plasimgering allows to reach
theoretical densities at lower temperatures regpeudt pressing with higher rate of
densification [36]. This enhancement was explaitiehks to an acceleration of the
diffusion process due to additional mass-transp@thanisms induced by the spark
plasma. In addition, lowest temperatures as a iomadf SiC content have been
observed and attributed to the difference of théwoaductivity between AD; and
SiC. Generally the thermal conductivity of SiC iggtrer than that of AD;
especially at elevated temperatures. Therefore, atthdition of SiC might be
expected to promote heat transfer from the grapliétéo the compacts.
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2.3 Ceramic laminates
2.3.1  Laminates with improved mechanical behaviour

Reinforced microstructures exhibiting tougheningchanisms have been
presented in the previous paragraphs. Unfortunataelynerous restrictions which
limit the use of ceramic composites for structuapplications can be considered .
The main problem regard the high costs of compogitecessing and starting
materials, since a careful control of the microstinee and of its homogeneity is
required. Degradation phenomena, involving the ghaf microstructure with time,
can happen in service that decrease the tougheffiviency. A partial strength
scatter, due to a residual dependence on stantaw size, still remains. For these
reasons, today the arrangement of ceramic laydesrimated structures is the most
promising route to improve the mechanical and tdpwal performances of
ceramics.

Laminates are products that possess material coatigmesstructure and
microstructure which change with position in a legunanner. Typical applications
of laminated ceramics include solid oxide fuel sellelectronic substrates,
multilayered ceramic packages, gas sensor devittess, thermal barrier coatings
and laminates with improved mechanical properfié® last item is the application
of relevance in the present work. One of the mdivaatages of ceramic laminates
with respect to traditional composites regards réuced tendency to debonding
and degradation phenomena occurring at the phasedboy since any residual
stress is distributed within a larger volume. Iptease adhesion is higher when the
structure changes in a gradual manner. In addit@material can be improved by
a second phase not in its whole volume but rathrwhere the tensile stresses are
higher. In recent years, there has been considgeralérest in the mechanical
behaviour of a variety of multilayered ceramic casipes. In the following
paragraphs a brief summary of the state of theo&rteramic laminates with
improved mechanical behaviour is presented, sett@part laminates with
mechanical behaviour improved by toughening medmsi as crack bridging or
crack deflection, and laminates characterized byptiesence of residual stresses.
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2.3.2 Laminates with mechanical behaviour improved by ghening
mechanisms

2.3.2.1 Metal/ceramic laminates

Toughness enhancement could be obtained in metailae laminates
where ceramic layers are alternated with metaléigets. As in the case of
composites with ductile second phase crack tipldinig mechanisms are promoted.
The toughness increase is controlled by the closxegted by the metallic bridging
layers astride the crack in the ceramic layers. iyek al. [13] produced a Ni/ADs
multilayer exhibiting a T-curve behaviour. In spiéthe metallic nature of some
layers the study of these laminates can be perfbmwithin the domain of Linear

Elastic Fracture Mechanics if a well bonded integfaxists.
2.3.2.2 Porous and weak interlayers

As discussed previously, the incorporation of filmaeinforcements in a
ceramic matrix is an easy way to create fiber/matrterfaces with low fracture
resistance that represent preferential paths fiptbpagating cracks. The presence
of such weak interfaces increases the fracturesteegie of the ceramic.
Nevertheless, the fabrication of fiber reinforcedaenic is time consuming, complex
and expensive. Increased toughness, T-curve balrazgowell as non catastrophic
fracture behaviour have been also observed in kesnby introducing porous or
weak interlayers to promote low-energy paths faywgng cracks. Indeed, when
weak interlayers are alternated with stronger carahayers the rupture occurs by
crack propagation normally to the strong layer pland then by crack deflection at
an angle of 90° inside the weak interlayers (FigRr&2 (a)). The typical load-
displacement curve of these laminates (Figure Zb)P presents an initial linear
trend, similar to the one observed for homogeneeuamics, up to a peak load. The
first load drop arises from a crack initiating framme surface defects and growing
in the through thickness direction. Then the crachkrrested and deflected by the
adjacent weak interlayer. Interfacial delaminatéord increasing of measured load
until some new cracks form in the second strongrlaye allowed. Such a sequence
is repeated in the other strong and weak layers.
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Figure 2.12: AJOs-based multilayer with SiC weak interfaces. (a)gagation of a
major crack with deflection along the weak integac(b) measured and predicted
load displacement curve of a specimen under fleX@wapted from [14,15]).

Figure 2.13: AjOs-based laminate with AD; porous interlayers. The crack
penetrating into porous interlayer undergoes déftecand branching. (Adapted
from [16]).
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She et al. [14,15] have fabricated multilayeregQAl ceramics with weak SiC
interphases by extrusion molding and hot pressihge to the crack deflection
mechanism the bending strength, toughness andifeaenergy were respectively
563 MPa, 15.1 MPahiand 3335 J/f Finding a proper interface material for any
given ceramic is the main shortcoming of these fateis with weak interfaces. A
similar fracture behaviour could be obtain in ailette where dense and porous
layers are alternated, the latter playing the wdeweak layers [16]. Controlled
porosity is introduce in the weak layers by addstarch particles to slurry in slip
based processes and consequent burn-out. Thigososattisfy the requirements for
chemical compatibility of interfacial materials aadoid the building up of internal
stresses due to differences in thermal expansiefficients which can be source of
delamination during fabrication. Crack deflectianjcrocracking and branching,
responsible of the toughening effect, have beerergbd within such systems
(Figure 2.13).

2.3.2.3 Laminates with two strong outer layers and a tourgter layer

As described before, the development of reliablemi&s for structural
applications has been approached from two diffed@ettions. The first approach is
to develop ever stronger materials through prongssand microstructural
refinements. These techniques typically improvergjth but still leave the material
with a low toughness. The other approach is tovati the T-curve behaviour
inducing toughening mechanisms as in composite maite This will typically
improve the toughness and the strength for lardggalinflaws. However these
improvements are often achieved at the expensérerigth for small flaws. This
unfortunate trade-off between strength and toughhas lead to the development of
a trilayer laminated composite which exhibit thegthistrength of the surface
material for small flaws and the high strengthted tough body material for larger
flaws [58]. According to this approach, Cho et E9] produced a laminate
containing surface layers consisting of relativdilye, equiaxeda-SiC grains,
designed for high strength, while the inner layemiade of elongatedtSiC grains,
designed for high toughness. Chemical compatibditgl strong bonding between
layers has been also achieved. Improved strengiighhess and damage resistance
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has been achieved with this three-layer ceramiimiat®.

2.3.3 Laminates with mechanical behaviour improved by idigal stresses
2.3.3.1 Residual stresses in laminates

Residual stresses can be defined as those stthasesmain in a body after
manufacturing in the absence of any applied extdoaa or thermal gradients. The
main distinctive characteristic of residual stresigethat self-equilibrium must be
maintained in any free standing body, which me#ras the presence of a tensile
stress in the component is balanced by a compeessigss elsewhere in the same
body. These stresses can generate in the bodygthru thermal expansion or
sintering rate mismatch, (ii) local dilatations deviatoric strains occurring during
chemical reactions or phase transformations witthameolume changes, and (iii)
differential plastic deformation like that occumginluring grinding operations [60].
The introduction of stresses within the materialais alternative procedure to
improve mechanical performances in ceramics. Famgte, surface compression is
usually induced in tempered glass, used for glasslaws, lateral or rear car
windows , ophthalmological lenses and other higéngith applications. To produce
tempered glass, the glass plate is heated to aetatope high enough to allow
adjustments to stresses among the atoms, thericidyqaoooled down. The surface
contracts because of the drop in temperature aocdnies rigid, while the center is
still hot and can adjust its dimensions to the amefcontractions. When the center
cools and contracts slightly later compressivessts are produced at the surface
and tensile stresses are produced in the centenndiderable deflection must be
applied to the glass before tensile stresses castebeloped in the surface of the
glass where cracks start. In effect, since the cesgive stresses must be overcome
first, the overall strength of the glass is enhdreg much as 300% [1].

The impediment to free deformation at the baseesidual stresses creation
is known as constrain effect. The same effect ésqmt in an orthotropic laminate
made of cosintered layers of different compositiord perfectly adherent one to
each other. Orthotropy happens when each layendnaminate is homogeneous,

isotropic, linear elastic and the stacking ordethaf laminae satisfy the symmetry
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conditions. Orthotropic laminates exhibit resporseloading similar to that of
homogeneous plate and no warping during in-plaselitg is produced [61]. If
perfect adhesion between laminae is assumed, eathd must deform similarly
and at the same rate of the others. The mismatotebe the free deformations or
deformation rates of the single lamina with respedhe average value of the whole
laminate gives origin to residual stresses. Morecigely, during cooling, the
difference in deformation due to the different thal expansion coefficient of the
components, is accommodated by creep as long aeriperature is high enough.
Below a certain temperature, which is called théress free” or “joining”
temperature, the different components become botwdgther and internal stresses
appear. Indeed, the stress free temperature repsetbe temperature below which
the material can be considered to behave as acfigrédastic body and visco-elastic
relaxation phenomena do not occur [62]. In eaghrlahe total strain after sintering
is the sum of an elastic component and of a thecmadponent [63]. In addition, if
the laminate thickness is smaller respect to theralimensions, each lamina can be
considered, far away from the edges, in a biatialss state with no stress acting

perpendicular to the lamina plane.

Figure 2.14: Edge crack of length c in a semi-iitéirbody in presence of a generic

residual stress distributiofies (X).
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The magnitude of these residual stresses can lbesthithrough an accurate choice
of system geometry and layers composition.

We consider here an infinite plate with a generan runiform stress
distributiono,.{X) acting along the direction x perpendicularte plate surface on
a through-thickness sharp crack of length c (Figutd). The stress intensity factor
Kiresrelated to the stress distribution can be estimbgedsing the weight function
approach:

Kires= J(;Gres(x)h(WvEde Eqg. (2.8)

where h is a weight function, w is the plate widtid the other symbols have the
standard meaning [6]. The weight function is a gewim function that satisfy the
singularity conditions at the crack tip. It is tédted in literature for many
geometries and loading conditions. If the resids@iesses are separated from
external loading, the term due to their presence lwa included in the material

fracture resistance to obtain the so called appér@sture toughness, K,,or T:
K1,app = Kic =K res Eq. (2.9)

The crack propagates under the external load wieralue of such characteristic is
reached. In the case of negative compressive @sithesses the second term in Eq.
(2.9) is positive and the apparent fracture toughriecreases with respect tg-K
This beneficial effect can lead to a T-curve bebari23,64]. As described in the
following paragraphs, several laminated ceramicucstires with improved
mechanical behaviour, due to the introduction dficheal stresses, have been

developed.

2.3.3.2 Laminates with two compressive outer layers anghaite inner layer

Surface macroscopic compressive stresses canrbduned in a laminate to
reduce the intense tensile stresses acting onrdio& tip and to hinder the surface
cracks propagation with an effect similar to wh#cdssed in tempered glasses
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[65,66]. Therefore, increased strength, hardneddlaw tolerance can be achieved.
For this three-layer design there is only one ca@sgirve layer to act as barrier and
to arrest cracks. However, multilayered structwefi further importance to stop

cracks more effectively .

2.3.3.3 Threshold strength laminates

Laminates presenting threshold strength, namelyress below which the
probability of failure is zero for any starting def dimension, have been
successfully produced by alternating thin compressayers and thicker tensile
layers. Indeed, Rao et al. [18] showed that altergathin compressive layers
between tensile layers can truncate the statisitr@ngth distribution of brittle
materials. Indeed, the crack starting in one of téwsile layer and propagating
normally to the layer plane increases its lengthtaugquate the thickness of the
tensile layer itself and then slow down since tbengressive stresses hinder the
further propagation. Within the compressive layee track propagation becomes
stable and all defects reach the same final lebgfbre failure. Hence, the strength
shows threshold value. Other research groups hewemsstrated that this kind of
laminates [19,66,67] presents a T-curve behavidamage tolerance and reduce
strength scatter. Notwithstanding the high scientifterest in such laminates, they
have strong limitations: fundamentally, the thrddhstrength only occurs when
cracks extend perpendicular to the compressivadage they can be used only with
specific orientations to the applied load. In aiddit if a pre-existent defect larger
than the unit cell exists, the actual strengtlovgar then the threshold value. Finally,
a limit to the maximum strength, which can be des@ydoes exist, since an increase
of its value involves an increase of the amplitdecompressive stresses. As a

consequence, cracks can spontaneously develop terkile layers.

2.3.3.4 High reliability ceramic laminates by design

To obtain a T-curve behaviour able to enhance mméchlreliability it is
not sufficient to introduce residual stresses mmiaterial. Sign and intensity of the
residual stresses have to vary in a controlleddasigned way as a function of the

position. Sglavo and Green [64] have demonstratat the creation of a residual
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stress profile with the maximum compression atrtagedepth from the surface of a
material can allow the stable growth of surfacevfland their arrest, up to this
specific depth, before the final fracture. The rsgte scatter is reduced as the
strength turn out to be independent on the initi@cks length and higher. The
underlying idea can be traced back to the obsemvadf biological structures in
which the most performing parts of the material éweated in regions that
experience the highest stresses. Surface flaws)lugienerated both in fabrication
and in service, are the typical critical defectsceramic materials subjected to
bending conditions. Therefore, precisely the cetasuiface has to be engineered to
tolerate at the same time external loads and the flopulation. These concepts
have found practical applications in Engineeredesir Profile (ESP) glasses
[6,20,25], and in oxides based ceramic laminat@s-24]. The production of these
innovative ceramic laminates is economic becausgedan common ceramic
materials (alumina, mullite, zirconia) and inexgeasconventional fabrication
methods as tape casting, lamination and cosintefis@gn example, the architecture
of one alumina (A)/mullite (M) engineered laminangth increased reliability
respect to monolithic alumina is shown in Figur&52.For this AM engineered
laminate, a Weibull modulus equal to 17 was obthimégher than the value equal
to 12.1 calculated for alumina monolithic laminf2]. A residual stress variation is
introduced into the engineered laminate during iogolafter cosinterng of the
constituent layers characterized by different trerexpansion coefficient. This
multi-step residual stress profile is composed téresile layer on the outside, that
permits to extend toward the surface the stablekogeowth interval, and a number
of compressive laminae in the inner zone with tlEimum compression layer at a
specific depth from the laminate surface (Figuré6®. The laminate architecture
could be built, varying the nature and the thicknes the single lamina and the
stacking order in the multilayer, to exhibit a detmed residual stress profile and,
therefore, a T-curve behaviour (Figure 2.17). Abltacrack growth interval, the
presence of a threshold stress and an improvedgsitreare the effects of the

introduction of this toughness variation inside thaterial.
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Figure 2.15: Architecture of an alumina (A)/mulliié) engineered laminate.
Layers composition (mullite content as vol%) aridkhess are reported.

Dimensions are not in scale. (Adapted from [24]).
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Figure 2.16: Residual stress profile of the engieddaminate represented in
Figure 2.15 [24].
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Apparent fracture toughness for thgieaered laminate represented
in Figure 2.15 [24].

The approach used for the laminate design is suimethrin the following

mathematical analysis. Considering a thin orthatromultilayer with strong

interfaces between the n layers, the biaxial stsést® in each layer, generated by

thermal contraction during cooling, can be cal@dabn the basis of equilibrium of

forces, compatibility of the deformations relateddonstrain and the constitutive

model:
n
Self-equilibrium Dot =0 Eg. (2.10)
i=1
Compatibility g =g +oAT =¢ Eqg. (2.11)
Costitutive model ~ o; =Ejg Eq. (2.12)

where the subscript i represents the rank of theege layer and is the acting

stress, t is the thicknessijs the deformation, e is the elastic strains the thermal

expansion coefficient, E* is the Young modulus lie tase of biaxial stress state,

expressed by Eq. (2.13), aid is the temperature difference, expressed by Eq.
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(2.14):

Eq. (2.13)

AT =Tgg = Trr Eq. (2.14)

E is the Young modulus in uniaxial stress states the Poisson’s modulusgdis
the stress free temperature ang © room temperature. The linear system of Eq.
(2.10), Eq. (2.11) and Eg. (2.12) represent a $eBna-1 equations and 3n+1
unknowns that can be easily solved. The resultsglual stress in the generic layer

i is equal to:

Oresi = E: (a ~ G )AT Eqg. (2.15)

where o represents the average coefficient of thermal esipanof the whole

laminate expressed as:

n *
2 Eitio
a =i=§1— Eq. (2.16)

YE,

i=1
Since the stress level in Eq. (2.15) does not diperstacking order, the calculation
is valid for each sequence of laminae, providing gymmetry condition is
maintained. In order to understand the effect sitheal stress intensity and location
on the apparent fracture toughness of an edge anazlsemi-infinite body, Sglavo
et al. [22,23] have analyzed some special casesofife: step profile, square wave
profile and two square waves based profile. An atide approach and the
superposition principle have been used to calculaer-curve for a general multi-
step profile. In the case of a laminate composed layers with constant residual

stresseses,i (Figure 2.18), the apparent fracture toughnegg Kwithin layer i in
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the interval [X1, X] has been calculated as equal to:

Cc

- 05
| c T Xj-1
K\ appi =Kici ~ ZZY[—) AGigg 1{5 - arcseﬁ—J H
IS

Eq. (2.17)
(X <x<x)
AGyegi =Oresi ~ Oresi-1 Eq. (2.18)

where i indicates the layer rank andix the starting depth of layer j, being Y
=1.12147.

Figure 2.18: Crack model considered by Sglavo amavorkers [23]

The latter assumption is not rigorously true fomsumiform loading since Y
maintains a slight dependence on x/c but such appation allows to simplify the
calculations without lose of generality. Eq. (2.1&presents a short notation of n
different equations since the sum is calculatedafalifferent number of terms for
each i. The sequence of the apparent fracture tmsghof the layers with the

specified residual stress profile lead to a T-cuogbaviour. The degrees of freedom
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to produce the desired T-curve are 2n-2 since ateuwith 2n parameters;(X\c;)
are now available and two conditions have to besfsad (force equilibrium and
equivalence between the sum of single layer thisgknand the total laminate
thickness). In addition, the calculations can Herred to the semi-thickness as the
laminate is symmetric. Referring to the most in&krhetween the tensile layers
placed at the surface as k and to the most congatdager as | it is possible to
determine the stable crack growth interval, [x], the threshold stress, and the
strengtho, of the laminate:

min(K, appk: K1 appk+1)
Gth = - - Eg. (2.19
t Y(ﬂ:Xk)O'S q ( )

max(K, appl+ K1 appl+1)
Op = : 3 Eqg. (2.20
b Y(TCX|)05 g. ( )

Therefore the input parameters of laminate designttae coefficients of thermal
expansion, Young's moduli, Poisson’s ratios, freettioughness and the layers
thickness. Another important but experimentally nmkn input parameter is the
stress free temperaturgrlassumed as equal as 1200°C, while room temperiature
25°C [62]. The presented model is very simple gmut@ximated but the error in the
calculation of the apparent fracture toughnessaichdayer has been estimated as
being as less than 10% [22]. These innovative latad possess high mechanical
reliability and equivalent mechanical characteristalong any loading orientation.
These properties make these laminated bodies asahaandidates for structural
applications as in the case of load bearing commtsni@ automotive and aircraft

industry, biomedical prosthesis, chemical plarninlys and safety systems.

2.34 Defects in laminates

The constrain effect developed in cosintering layeithin a laminate with
strong interfaces is responsible of the arisingrefidual stresses within the
multilayer. If this effect is sufficiently higheporosity and deleterious defects can
also outcome. Some specific defects with scale eoafype with the layer thickness
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are delamination or debonding, channel crackinguonelling, edge cracking and

warping [68].

(a) (k) (<)

Figure 2.19: Typical defects observed in laminate3:delamination; (b) channel
cracking; (c) edge cracking. (Adapted fr¢68,69]).

Delamination (Figure 2.19(a)) involves an evidemparation between
adjacent layers and occurs when the adhesion folocesveen the layers in the
laminate are low. This problem can be solved byucedy the thermal/sintering
mismatch or by improving the interlayer adhesion.

Channel cracking (Figure 2.19(b)) is a typical defassociated to the
presence of tensile stresses in a layer. The cracksagate normally to the layer
plane with a quasi random orientation in the pligslf. Similar consideration as for
delamination can be advanced to avoid such defect.

Another well-known phenomenon observed in high casged layers is
edge cracking (Figure 2.19(c)). Although these fday@ntain biaxial compressive
stresses deep within the thin layers, tensile stearise wherever the compressive
layer is truncated by a free surface. These tessitsses are perpendicular to the
compressive layer and have an absolute magnitudi@ &g that of the compressive
stress at the centre-line. The tensile stressagalee to zero at a distance from the
surface equal to the thickness of the layer, nartfedytensile stresses are highly
localized near the surface of the compressive layénen the thickness of the
compressive layer is greater than a critical vathe, tensile stress gives rise to a

crack that extends along, or near, the centredmea depth corresponding to
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approximately the thickness of the compressiverlagensistent with the theory
developed by Ho et al. [69], the centre-line cracklled an edge crack, is only
observed when either the compressive stress othibkness of the compressive
layer exceeds a critical value. For the fixed vadfieompressive stress, the critical

compressive layer thicknessg) (tequired for edge cracking is given by:

2
Kic

=—c __ Eq. (2.21
0341+ v)s2 % @21)

c

where K¢, v, ando are the fracture toughness, Poisson’s ratio aadtiess of the
thin compressive layer material respectively.

Distortions, curvature and uneven modificationgh# planar geometry of
symmetric laminates are also possible upon cooliffgese warping effects are
usually related to local differences in the layeckness occurring somewhere in the
laminate. The resulting lack of moment balance peeda curvature in the material

to satisfy equilibrium.
2.3.5 Processes suitable to produce ceramic laminates

Melting is not a suitable fabrication technologyr feaeramics since,
generally, their melting temperature is too higll alegradation phenomena occur
earlier. Sintering after powder forming of greerogucts is the most common
technique involved in the production of ceramicée Ttypical classification for
ceramics processing regards the physical statbeofarming material: dry powder
or fluid suspension, or slip, in which the powdars dispersed. Some organic or
inorganic additives can be present in both cakesdistinction remaining the actual
presence of a fluid solvent. The forming processisaally chosen according to
economic factors and shape, dimensions and firebckeristics that the product has
to satisfy. Ceramic sheets are used in many wid#éfgrent end products such as
substrates for electronic circuits, discrete eleatrdevices, multilayered cofired
packages for integrated circuits, multilayered addies such as fuel cells and plate
electrodes. Green tapes are also used as intetmstiéps in the production of more

intricate shapes. Several processes are usedntodoge area and thin, flat ceramic
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sheets and then laminates: pressing, electropbodeposition, tape casting, slip
casting, rolling and other, followed by sinteringtmt pressing. Simply adaptations
of the methods used to produce traditional ceraamckalso new solutions proposed
and developed rightly for the purpose are employdtthese processes have in
common the capability to originate a predetermigeatiient in the green structure
of the laminate, which give rise to a spatial véwia in the structure of fired
ceramic. In the following paragraphs, a brief ovew about the most techniques
involved in the production of multilayers is pretah Competing processes to make
similar flat ceramic parts include extrusion, viiwaal induced particle segregation,
multiphase jet solidification, reactive hot presginnfiltration, interdiffusion of
cosintering materials will not be explored herecsithey are not widely used for
this purpose and they have many serious limitati@®s-72]. A separate subject
regards the techniques used to produce thin caatlikg CVD (Chemical Vapour
Deposition), PVD (Phase Vapour Deposition) and tepimg. All the deposition
methods can be also considered for laminates it the main restrictions
remaining the maximum thickness, which can be abthiin a single step, the

deposition rate and the costs.

2.3.5.1 Dry powder-based processes

Cold pressing of ceramic powders followed by sintg{73] can be used to
produce laminates. Powder feed is composed of tganof different size and
deformability mixed together to obtain the maximwompact density and the
minimum porosity volume. Little amount of water binder and other organic
additives are generally added to promote the weatiotion between the powders,
arising during pressing. Cold pressing could beaxial, when the pressure is
applied in only one direction, or isostatic, wheagsure is applied in each direction
with equal intensity. The desired structure gradain the space, useful to obtain
laminated structures, is actually obtained by stapkbatches of different
compositions. However, layers thickness and dinogragitolerances are much more
difficult to control when thin layers have to beoguced. As for the homogeneous
ceramics, the compressed green material has thesm smtered to obtain a fired and
dense material showing the same graded structesepr in the pre-form. Pressing
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is today the most widely practiced forming proctssreasons of productivity and
the ability to produce parts ranging widely in sérel shape.

Roll compactions [74] is another dry pressing psscin which a prepared
powder is continuously pressed between two rollerform flexible green tapes.
The tape made with this process is then immediateigilable for cutting or
handling. Sintering process is needed to obtairfitteé product. The advantage of
rolling, as a method of green layers productiomr, #at it allows easy thickness
control, achieves high green density of the tapad, requires a rather low amount
of solvent and organic additives as compared te&rothethods. Rolling lends to
higher volumes of materials but require more rigisvder preparation. Therefore it
is not often used for new material developmentaalsquantity production.

Hot Pressing (HP) and Hot Isostatic Pressing (HW] can be used to
densify ceramics in a more effective way respedinaple cold pressing followed
by sintering. A sintered product is directly obtdnby performing uniaxial powder
pressing (HP) in a refractory die and sinterinthatsame time. Conversely, with hot
isostatic pressing (HIP) a product previously sideto the final stage of sintering is
subjected to a hot pressurized gas. These tectmayeepressure assisted sintering
processes generally used to produce high temperameiting materials, when a
sintering aid or grain growth inhibitor is unaccape. The mechanical pressure
used in this techniques, usually in the range 6200 MPa, can increase the driving
pressure for densification by acting against thterital pore pressure without
increasing the driving force for grain growth. lede the main effects for the
enhancement of sintering in these processes ammdhéiffusion and plastic flow
due to the high pressure. Therefore, respect teerdional sintering technology,
they allow to obtain high density products with efirmicrostructure at lower
temperatures. The industrial use of hot pressitiguited because the productivity is
relatively low, restricted in size and geometry thie samples, and the die
maintenance is expensive. However, today, hot pigss the main sintering
technique to produce alumina/silicon carbide coritpss

Recently, the Spark Plasma Sintering (SPS) prd&&s85,76], also known
as Pulsed Electric Current Sintering (PECS) haaa#d a great deal of interest as a
new cost-effective processing method for sinteringd sinter-bonding, at
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considerably rapid heating rates, various kind @fvger materials and laminated
structures as, for example, TiNAG;, SiC/TiC, SiN4-SiC/BN-Al,O; and HA/Y-
TZP [77-79]. SPS is an innovative technology simiia the conventional HP
process because mechanical pressure is appliechgduhie heating stage.
Nevertheless, in contrast to the conventional HRylich the heat is provided by
external heating elements, in SPS the heat is gmteinternally. In fact, a pulsed
direct electric current passes through the graptite and, depending on the
electrical conductivity of the material to be sheid also through the powder
compact within the die itself. Such electrical emtr propagation significantly
improves heat transfer by different mechanisms linrg Joule heating, diffuse
electrical field, spark plasma, and spark impa&spure, resulting in a current-
activated sintering. Spark plasma has a surfadeasiog and cleaning effect on the
particles being sintered and allows a rapid heatihghe compact particles. The
occurrence of a plasma discharge is still debatedtlseems to be widely accepted
that an electric discharge process takes placemicrascopic level. Therefore, SPS
has several advantages over conventional sintenigtipods including high heating
rates, lower processing temperatures, and shodingpltimes, thus allowing the
production of highly dense materials with improvgdality and good control of
grain coarsening.

Plasma-spray [70F a well-known process used to produce thick ogati
like the thermal barriers on the blades in gasited High tension is applied
between two electrodes placed in a torch in sugiyathat the resulting electric arc
promotes the transformation of the flowing gasha plasma state. In front of the
nozzle temperature can locally reach values as hgMB0000 K. The ceramic
powder is fed near the torch tip, where is heatlkdgged by the gas flame and
sprayed onto the substrate. The torch, moved lpbatic system, is used to focus
the flame onto the substrate and to change thettasition on the surface. Many
parameters can be varied in order to modify thektiéss, the structure and the
microstructure of the sprayed material, includirg §ow, powder feeding position
and rates, distance between torch and substrédisirate pre-heating and powder
morphology. Plasma spray can work either in vacuunn air, depending on the

nature of the powders to be sprayed. Typically sop® structure and a rough

60



surface finishing is obtained by plasma spray ctiegting thickness typically ranging
from a few tens to several hundred of microns. Caneqb to other coating processes,
plasma spray allows a high mass transport and ¢éisgh speed deposition.
Furthermore, layer thickness can be varied easily adjusting experimental
parameters and, contrary to pressing-based pragessethermal treatment is
required after spraying. Unfortunately, some retms are also present since a
substrate to be coated is always required and ffesiggported body can be
produced. In addition, a residual porosity and agto surface finishing of the

sprayed layer can not be avoided.
2.3.5.2 Slip-based processes

Colloidal processing offers the possibility to pued strong and reliable
ceramics of good quality through careful controltioé initial suspension and its
evolution during fabrication. This can be acconmpd by reducing the size of the
strength degrading heterogeneities, as inorganid anganic inclusions or
agglomerates.

Among colloidal processing, tape casting [80,81 Emination of different
thin and flat ceramic layers to form thick speciméa a relatively simple and
inexpensive process considered a valid route tdym® green ceramic laminates.
Tape casting has been widely used to develop cersubistrate, multilayer structure
capacitor, solid electrolytes, solid oxide fuellcahd has been performed on several
materials including alumina, zirconia, barium taé® nickel, nickel oxide and
piezoelectric materials. It is a wet forming methalich consists in layering a slip
containing the ceramic powders, onto a temporagi rplane support by gravity
flow occurring while the reservoir carrying thepslicalled doctor blade, is moved
with respect to the substrate. The relative moti@tween the reservoir and the
substrate can be obtained either by moving thaecditm (stationary blade) or the
reservoir itself (moving blade), while the slipwis through a controlled slit present
in the bottom rear part of the doctor blade (Fig2u20). The casted green tape is a
single continuous sheet presenting a thickness nsucdller than the other two

dimensions.
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Flat glass suppost Tape camer

Figure 2.20: Outline illustrating the tape castipgocess in the stationary blade

configuration.

The slip, or slurry, is a complex fluid system fawuinby dispersing the
inorganic materials with dissolvent organic bindedfspersants, plasticizers and
surfactant in a solvent system. Each of the orgaméterials is added to the
formulation to contribute certain properties to tlgp and the dried tape. The
production of a slurry for tape casting is a compbesk involving the definition of a
number of experimental parameters strictly coreelafThis includes the choice of
the nature and amount of all the ingredients in ship recipe, the preparation
method to obtain a well dispersed suspension aexd ghhomogeneous slip to be
cast, together with all the parameters associate@dting itself. The objective is to
achieve the maximum solids loading in the slip ides to produce dense and good
quality green tapes with good reproducibility. Gei@a powders used for tape
casting commonly have an average particle sizéénrange of 0.3-3.8m and a
specific surface area of about 2-1¥gr{81]. The size distribution is dictated by the
opportunity to improve the green homogeneity andsidg. The solvent or solvent
blend has the function to originate a fluid systamd to homogenise all the
ingredients in the slip. Non-agueous suspensiongldwydratation of the ceramic
powder and are faster drying thanks to high vagweassure and low boiling point
and heat of vaporization of the organic solventsweler, they require special

precautions concerning toxicity and inflammabilityypically, organic solvent
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recovery systems are needed to control emissionscamfipounds into the
atmosphere. On the other hand, water based sayst®@ms are attractive since they
have advantages of incombustibility, non-toxicityddow cost, associated with the
large amount of experience with the use of watesinmilar ceramic powder process.
Unfortunately, thicker tapes are more difficult tmake by using aqueous
suspensions mostly due to problems in the dryimggss. In effect, water has the
disadvantage of high evaporation latent heat anddo drying time, thus higher
drying temperature are required when using aqusgsiems. Also wettability can
be a problem due to the high surface energy ofrwAteother difficulty is related to
the production of good dispersion for slips whiclktlide two or more kinds of
powders, especially when the particle size anditlease quite different. A good
powder dispersion is essential to obtain tape hemeity and uniform shrinkage
without grain coarsening during sintering. In these of water based systems, an
important role is played by the powder isoelegriint (IEP), also known as Point
of Zero Charge (PZC), since pH intervals of muat#iaction between powders with
different IEP can promote strong flocculation phmeaa. When dispersed in water,
particles exhibit proton exchange reactions andrazero surface electric charge is
typically achieved at equilibrium, assuring an #lestatic repulsion between the
particles. IEP represents the pH value correspgnttinan average zero charge on
the particle surface. This is the worst condition dispersion, since no repulsion
force exists to face the attractive Van der Waatsractions. When pH is higher
than IEP, the charge on the surface is negativée\iths positive when pH is lower
(Figure 2.21). In the case of powders with différdtP, it easy to see that in some
pH range opposite charges can occur and promai®ragsinter-particle attraction.
Two general methods are used to produce the shoger interparticle repulsive
potential useful to obtain well dispersed slip. Bach, a chemical route is used to
shroud the particles with a barrier layer. In tivatfmethod, the barrier layer is
produced with a cloud of ions: the density andkhéss of the cloud is controlled by
adjusting the pH and salt concentration. In theosdanethod, the barrier layer is
produced by attaching polyelectrolyte moleculeshe surface. In this case, the
thickness of the barrier layer is governed by ike ef the chem-adsorbed molecule.

The adsorption of such polyelectrolyte on the phatisurface can shift the IEP

63



position (Figure 2.21) and favour the inter-pattigtpulsion.
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Figure 2.21: Relative Acoustophoretic Mobility (RAMr 16.7 wt% dispersion of
A-16SG alumina in pure water with and without ledyelectrolyte Darvan C.
(Adapted fronj82])

Therefore, a dispersant is needed to promote anidtaira stable the powder

dispersion in the solvent. This effect is achiewsdelectrostatic repulsion, steric
hindrance of adsorbed dispersant molecules or abication of the two

mechanisms. The optimum amount of dispersant is pinaportional to the powder
surface area. The binder is a long-chain polymea oolloid that provides strength
and flexibility to green tapes after evaporationtaf solvent through organic bridges
between the ceramic particles. Binder selectioreddp on its viscosity, strength,
glass temperature and burn-out atmosphere. A higleaular weight is desired in

the binder for high toughness and strength andvaglass transition temperature. If
present in sufficient amount, the binder represent®ntinuous polymeric matrix

entrapping the ceramic powder thus allowing hamgllstorage and green machining
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as cutting and punching. The binder should be cditipawith the dispersant,
should provide lubrication between particles anodusth not interact during solvent
evaporation. In most cases, low molecular weighliyrpers are also added as
plasticizers to increase the green deformability rabm temperature. The
combination of binder and plasticizer must be batgnto provide the required
mechanical properties and to permit a high conaéntr of inorganic particles in
the slurry. Two groups of substances mainly havanhesed as binders for aqueous
tape casting of ceramics: cellulose ethers andldnwacrylic-type polymers [80].
The colloidal properties of acrylic polymer emulssolead to slip formulations
containing high solid contents in well-dispersedteyns. Moreover, these emulsions
have useful and unique characteristics such asviseosity, internal plasticization
and controllable crosslinking, which provide a damhesion to the green sheet but
with a low strain to failure. On the other handeythinclude some surfactants in
order to stabilize the emulsion which can promoteni formation. Other additives,
including wetting agents to promote spreading efdhurry on the carrier substrate,
homogenizers which contribute to a better surfagaity and antifoaming agent to
prevent foaming during mixing, can be used.

Milling, in particular wet ball milling or vibratgr milling, is used to break
aggregates and to disperse powder agglomerateslaassto mix and homogenize
the organic additives. It is well known that mixiing the organic ingredients, in
aqueous tape casting, is commonly accomplished diygua two-stage milling
process [80,81]. The liquid, the powders and othdditives of low molecular
weight are mixed by using ball milling procedure 12-24 h at a relatively higher
viscosity at which shear forces are able to digpagglomerates. Then, dissolved
gas in the slurry is commonly removed in a closet@ioer under vacuum. Next, the
binder and plasticizer are added and milling cargm for another 2-24 h to
complete the mixing. The two stage milling procissised to reduce the scale of
inhomogeneity in the slurry without foaming or daging the high molecular
weight binder molecules. Before casting the slifiilisred to remove any residual
coarse agglomerate or polymer cluster. Indeed, oagglates and undissolved
organic material must be finer than the thickndshe tape for proper forming and

for ultimate thermal and mechanical properties. Buthe high solid content and to
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the presence of organic polymers, the slip to pessents usually a high viscosity
and a pseudoplastic rheological behaviour (itsogig decreases when shear rate
increases). In some cases, time dependent phenoasett@ixotropy can also be
observed. The slurry is usually cast on a smootynperic tape carrier, as Mylar®,
Teflon® or silicone, by the relative movement betwethe doctor blade and the
carrier. The cast tape thickness can be easilyated by adjusting the blade gap,
the casting speed and the slip viscosity. Cassirfgliowed by drying which has the
main function to remove the solvent. Drying is usuperformed in closed system
or at open air, from room temperature to 85°C, wétlative humidity from 50% to
70%. During this stage, the solvent escapes bygidh and evaporation, while the
solid phases (powders, binder and plasticizerg)esat the bottom. Flexible and
deformable dried green sheets, with a typical théds in the range of 25-12hM,
are generally produced. To obtain a multilayeredicttire, the tape casting is
followed by a lamination process where the lay¢sglsis thermo-compressed to
give the green laminate. The obtained bond strebgtiveen layers is important for
maintaining product integrity during the sinteripgocess. Lamination is usually
performed at a temperature range of 50-150°C aesspres of 3—-30 MPa. Then,
the organic matter present in the green laminategenerally removed by a slow
heating burn-out treatment before sintering. Onahef main advantages of tape
casting regards the good density and homogeneitheofgreen, which allows the
production of a dense fired ceramic with a unifamcrostructure. Some problems
do exist associated to the anisotropy of the shgekduring drying: solvent removal
occurs in fact only from the top surface. The realdstresses due to substrate
constrain can not be sustained when the thickmessdses over some critical extent
or when the binder is not properly plasticized, t@n outcomes being cracks and
defects produced in the green.

Sequential slip casting [83] is a simple modifioatiof the slip casting
method, which is performed in this case by batchavidy is always the force
controlling the particle settling and the depositrate can be adjusted by means of
several parameters, the most important being parize and slip viscosity. As for
traditional slip casting, organic suspending ageamt be used to the purpose. A

tailored profile in the structure is constructed &yproper change of the batch
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composition with time, by emptying and filling theould with a new slip every
time a new layer is desired. Also in this caseldlyiekness can be controlled easily
by adjusting the settling time.

Conversely, in the case of sedimentation slip ngdtiie graded structure is
obtained by means of different settling rates efglip components [84] and there is
no need to a continuous change of the slip. A &rriéwvolution of the process is
called graded casting: an automated procedure fouldnfeeding permits the
formation of a continuous gradient in the compo$@d]. With respect to tape
casting, the binder content is limited and this isubstantial advantage since costs
are reduced accordingly and the controlled burnptiise is less critical. A drying
phase follows to complete the solvent removal, ipartially diffuses across the
porous mould during casting. Large and complex ekagan be obtained quite
easily, the main limitation regarding the overaltation required by the process.

Centrifugal consolidation is quite similar to theeyious one. The main
difference regards the driving force for the matlereposition, which is here
supplied by the centrifugal acceleration in plack goavity. In addition, a
simultaneous move of the suspension medium alsoreda the opposite direction
and no flow through the sedimented body is requioedhe solvent removal during
drying. The deposition rate can be controlled hustthg the rotational speed, while
a limitation exists regarding the orientation ahd shapes which can be processed.
The technique seems very promising and is partigulauitable for bodies
presenting an axial symmetry, like discs, tubes simells. Small flat multilayered
laminates have been also produced by placing théair@r in a radial direction,
though a slight curvature in the green sample canbe avoided [72]. Self-
supported bodies can be also produced.

Electrophoresig72] works by applying an external dc electric digio a
slurry promoting the migration of charged particles the opposite charged
electrode. The particles must be well dispersedhimithe medium to show high
electrophoretic mobility. Water is also used aveal because it is polar, economic,
ecological and safe. The electric field generatethb applied potential difference is
the force controlling the deposition rate of matkriAt the electrode, the double

layer which guarantees the repulsion of movingigleg is distorted and short range
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attractive forces are developed. Then, particlasfiexrs its charge to the electrode
and remain attached to the growing layer, usuaith & high packing density. A

drying step is then required to remove solvent. Tyer thickness vary typically

from a few to a few hundred microns. A graded d$tmec can be obtained by
changing the slip or by using particles with difiet mobility, while the single layer

thickness can be easily controlled by voltage apfihn time.
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Chapter IlI

Experimental Procedure

3.1 Material and process selection
3.1.1  Material selection

The aim of this work was to produce alumina/siliczarbide multilayered
laminates presenting a T-curve behaviour arisimgnfiproperly designed residual
stress profile. According to the practical rulesgemted before, in order to generate
residual stresses in the multilayer, it is necgssaruse materials with different
thermal expansion coefficients and sintering staggk Since the sole thermal
expansion mismatch between the materials is coresides the driving force for the
production of residual stresses, the productioa ofulti step residual stress profile
in a cofired laminate requires a range of differlaminae, each one presenting a
different thermal expansion coefficient. This cam dmsily achieved by producing
several composites and by tailoring the thermalabigtur through the composite
composition control.

Among laminated composites, one of the most studigstem is the
alumina/zirconia one [19]; alumina, zirconia andlliteihave been already used as
starting materials in the production of laminatakikiting residual stress profiles
and T-curve behaviour [22—-24]. The material systemiected for the proposed
study are alumina and silicon carbide because, him fange of temperature
25-1500°C, alumina has a coefficient of thermalamgion of ~8.0%°C?, while
silicon carbide has ~80%C™ (Table 3.1). The reason for choosing alumina and
silicon carbide as the constituent materials oéicec laminates can be traced back
to the fact that both materials are mutually inb@y there are no intermediate
phases, no solid state or eutectic reactions thadtldead to material changes during
the high temperature cofiring treatment, in inexd @roper conditions; in addition, it

is possible to obtain excellent bonding between ldgers in the absence of
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excessive diffusion between components. In additibhey present good
refractoriness, high stiffness and good thermo-maeial properties. These
characteristics make the two materials interestingdidates for the composites
production. Also the challenge in sintering thesstamals up to full densities with
conventional or innovative technologies has be&artanto account. According to
previous works, previously presented, yttria haanbeelected as additive powder to
enhance sinterability of the alumina/silicon cagb@mposites.

Table 3.1: Ceramic materials considered in this kvdensity £), Young’s modulus
(E), bulk modulus (B), shear moduly$ &nd thermal expansion coefficien) are

reported.
Material g = ° “ ’
[glem®  [GPa] [GPa] [GPa] [10%CY
Alumina (@-Al,O3) 3.984 416 257 169 8.1
Silicon carbide ¢-SiC) 3.16 415 203 179 5
Yttria (Y,O5) 5.01 158 - - 7.9

(data from[85] for alumina, fron{86] for silicon carbide and frorf87,88]for yttria)

The ceramic powders from commercial sources uséldeipresent work are
presented in Table 3.2. Fine and patalumina (A-16SG, ALCOA Inc., Pittsburgh,
PA, USA) has been considered as the fundamentéihgtanaterial. High purity and
fine a-silicon carbide (Sika ABR | F1500S, Saint Goba@nurbevoie, France)
powder was chosen as the second phase to vargdtradl expansion coefficient of
pure alumina. Alpha-polytype SiC was preferred étakpolytype to avoid excessive
grain growth during beta-alpha transformation [89Tomposites in the
alumina/silicon carbide (AS) system with nominahgmsition ranging from 0 vol%
to 30 vol% have been produced. In the whole téad, dcomposites are labelled as
ASxy where the first two characters represent yis¢esn AS and the last correspond
to the percentage volume content of the secondeplfage alumina (ASO) ceramic

has also been produced. High purityO¥ (Yttrium oxide, Sigma Aldrich, St Louis,
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MO, USA) has been chosen as liquid phase sinteadditive to use in the
development of pressureless sintering of alumiliedsi carbide composites. To this
purpose, doped alumina composites with all the idensd SiC content were also
prepared by adding 2 wt% yttria and labelled as AgYhe first three characters

representing the yttria doped AS composites.

Table 3.2: Ceramic powders considered in this work.

) Code & D50 BET area Purity
Material
producer [um] [m?g] [%]
Alumina A-16SG
0.4 8.6 >99.8
(0-Al,03) Alcoa
Silicon carbide Sika ABR | F1500S
. ) ) 4.9 >09.8
(0-SiC) Saint-Gobain
Yttria Yttrium oxide
) ] 5 5.5 99.99
(Y503) Sigma Aldrich

(data from products technical notes except BET ameasured by BET nitrogen adsorption)

Specific surface area of the raw powders, showraisle 3.2, was measured
by BET nitrogen gas adsorption (Micromeritics AS2010, Micromeritics Corp.,
Norcross, GA, USA). Nitrogen physisorption expenmsewere performed at the
liquid nitrogen temperature. Samples were degabséuiv 1.3 Pa at 25°C prior to
the analysis. Specific surface area of the sampi@s evaluated with the BET
equation within the relative pressure range €p0<0.33, where p is the
atmospheric pressure.

Crystalline phases of the powders were confirmedXbsay diffraction
investigation. The Bragg-Brentano geometry (Geliglex Dmax Ill, Rigaku Inc.,
Tokyo, Japan) with Cu-Kradiation was used.

In addition to ceramic powders, other materialsengcessary for laminates
production, especially organic additives requireg the forming process. As
associated only to the material processing angrestent in the fired ceramic, they
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were not included here and are discussed in tregpgwh on tape casting.

3.1.2  Process selection
3.1.2.1 Green forming method

In the second chapter, several production processegbtain ceramic
laminates have been presented. Suspension pragdssinniques can be used to
prepare green bodies with high relative densityalspore sizes and homogeneous
microstructure. In the present work, tape castiag leen selected as green forming
technique as it is a simple and relatively low aqosthod which does not require any
special equipment. In the past, it was successfiggd to produce laminates in a
variety of materials with high density and a widage of thickness, ranging from
25 um up to over 125@m, and is therefore suitable for the productionaofinas
whose thickness must be easily adjusted.

Water-based slurries were considered because ofidhg advantages which
the universal solvent offers. Contrary to orgamvents, its use is in fact safe,
healthy, low-cost and does not involve any envirental problem associated to
disposal. These considerations are valid not ooiyttie lab-scale experiments of
relevance here, but mainly for any out-coming irdak application, since the
volumes and the subsequent risks are extremelyehigtthe latter case. In addition,
there are no problems related to degradation oténamic powders considered in
this work.

The polyelectrolyte approach to produce the shamge, interparticle
repulsive potential useful to obtain well disperséigd has been chosen since it has
greater applicability to many different powders antktures of different powders
common to ceramic processing. A commercial polyedde dispersant (Table 3.3)
was considered and the optimum amount obtaineddrature [82,90-92]. Acrylic
emulsions (Table 3.3) have been chosen as binohees they are very promising for
tape casting slurry formulations owing to theirtéeas expected to reduce some
drawbacks linked to aqueous preparation. The daitiount of binder to be added

has been determined experimentally, consideringque works results [22—24].
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3.1.2.2 Sintering

As described in the second chapter, densificatidnthe Al,O4/SiC
composites is severely limited by the presencéhefsecond phase, thus requiring
hot pressing technique to achieve full densificatiéor many potential applications
of these materials, hot pressing would be proliblyi expensive and pressureless
sintering routes would be preferable if near f@hdity could be achieved.

In this work, pressureless sintering has been chaseone densification
route to investigate the practicability of applyir@nventional processing to
alumina/silicon carbide laminates presenting a meubehaviour. This would
provide a basis for cost-effective scale up teammitp fabricate larger amounts of
near net shape products. However, as discusséu isetcond chapter, a significant
barrier to the application of conventional sintgrito alumina/silicon carbide
composites is their reduced sinterability compacedlumina and their composition
variations due to vaporization processes occumintie sintering temperatures. To
overcome the weight loss problem, the limitationvapours flow in the sintering
atmosphere can be used, which is achievable byneitttathe green density of the
samples and reducing the size of the open porasityy a reduction of the sintering
gas flow or by the use of a powder bed. Each onéhede strategies has been
selected by using a proper green forming methadizieg sintering cycles under a
minimum gas flow and by surrounding the samplesatiyuffer bed. Even though
high temperature sintering processes are gengratfprmed in graphite furnaces, in
this work an alumina tube furnace has been choseaintering equipment since the
presence of carbon, in contact or not, in furnaceéirenments is detrimental to
alumina. In fact, formation of aluminium carbidel,Bs, or oxycarbides as AOC,
by carbothermal reduction of alumina, starting frd#00°C, under vacuum or
atmospheric pressure of argon in presence of cahaanbeen reported [93,94].

The laminated AIO4/SiC composites were fabricated also by means ef th
Spark Plasma Sintering (SPS) technique due to d@teefiial characteristics. In
addition, SPS had not been used before for thekgaidof multilayers.
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3.2 Laminates production
3.2.1  Slurry preparation

Water-based slurries to be used for tape casting baen prepared by using
ammonium polymethacrylate (NHPMA, Darvan C®, R. T. Vanderbilt Inc.,
Norwalk, CT, USA) as dispersant and an acrylic esionl (B-1014, DURAMAX®,
Rohm & Haas, Philadelphia, PA, USA) as binder. &irty to previous work [23], a
lower-Tg acrylic emulsion (B-1000, DURAMAX®, Rohm &aas, Philadelphia,
PA, USA) was also added in 1:2 ratio with respextthe binder content as
plasticizer in order to increase the green flekipibhnd reduce crack occurrence in

the dried tape. Characteristics of all the orgamjcedients are listed in Table 3.3.

Table 3.3: Organic ingredients used in the slusrie

Code & . T, Active
Substance Function pH matter
producer [°C] [Wi%%]
Darvan C® )
NH,-PMA ) Dispersant  7.5-9.0 - 25
R.T. Vanderbilt, Inc.
i ; B-1014 Duramax®
H'ghl Tq acrylic Binder 3 19 45
emuision Rohm & Haas
i B-1000 Duramax®
Low Tq acrylic Plastifier 9.4 -26 55

emulsion Rohm & Haas

Tape casting slurries have been realized by usitvgpastage process [80].
An optimum dispersant content equal to 1.5 wt% wébpect to the powder (about
0.4 mg/n? of active matter of Darvan C) was found in presiawrks [82,90-92].
The slurry was placed on ball mill in order to feacomplete dispersion. The ball
milling stage, using alumina spheres of 6 mm noinilemeter, was performed in
Nalgene® bottles for 24 h to break down all powdggregates. Ball-milling was
performed using a load factor (mass of aluminashakiss of powder) equal to 1/3.
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Then, suspensions were filtered by aidi polyethylene net and de-aired using a
low-vacuum Venturi pump to remove air entrappedrduthe milling stage. In a
second stage, emulsion of acrylic binder and mliasti were added to the obtained
dispersion and slowly mixed for 30 min to reachoad) homogeneity, using great
care to avoid the formation of new bubbles [80]e Timal organic content was 21
vol%, only the half of this values being actuallganic matter (Table 3.3).

To optimize the slurry for tape casting in the ca$ehe alumina/silicon
carbide composites, a preliminary measure of the getential as a function of pH,
of the Sika ABR | F1500S powder was carried outvater at 25°C by using the
electrophoretic light scattering technique (Delsandl Zeta Potential and
Submicron Particle Size Analyzer, Beckman Coulter, Fullerton, CA, USA). The
SiC powder exhibits negative surface electric chdrgall the studied pH range
(Figure 3.1) similarly to the A-16SG alumina powdkspersed with Darvan C in
basic conditions (Figure 2.21). Therefore, SiC pewdan be electrostatically

dispersed in the alumina dispersion with no furimaount of any dispersant.

-10 A —0— Sika ABR | F1500%$
-20 1

Zeta Potential (mV)

2 4 6 8 10 12
pH

Figure 3.1:Effect of pH on the zeta potential af 8ika ABR | F1500S SiC powder

in water.

Hence, in the case of AS composites, silicon carpmwder was added after

dispersing alumina for 24 h in the same conditidescribed for pure alumina and
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then ball milled for additional 24 h before filteg and de-airing.

All suspensions were produced with a powder conténd9 vol%. It is
useful to point out that the volume of powder ir tfirst dispersion stage was
obviously higher, equal to 50.6 vol%, since theitold of the acrylic emulsions
supplies also solvent to the slurry and dilutessiige The recipe used to produce the
composite AS30 is presented in Table 3.4 as an geanihe second stage of the
process for all the compositions in the AS systemsisted in the addition of the
emulsion binder and plasticizer and was exactlysdrae as for alumina. Just before
casting, slurries were filtered again at 10® to ensure the elimination of any
bubble or cluster of flocculated polymer.

Table 3.4: AS30 composite recipe.

Ingredients Eunction Density Content Content
[g/cnT] [wt%] [vol%]
Alumina Ceramic 3.984 51.5 27.3
Silicon carbide Ceramic 3.16 18.3 11.7
Water Solvent 1.00 17.8 36.7
NH;-PMA Dispersant 1.11 0.7 1.3
High Ty acrylic emulsion Binder 1.05 7.8 15.3
Low T, acrylic emulsion Plasticizer 1.03 3.9 7.7

A similar procedure was used for the preparationcafnposite slurries
where yttria was used as sintering aid. ASY suspasswere prepared by mixing
the calculated dispersant quantity and bidistilleater until the dispersant was
uniformly distributed. Then the oxide used for dapiyttria, was added since basic
pH is suitable for dispersing the sintering aid@Y dissolves extensively at low pH
values [95]). After that, the alumina powder waadyrally added and dispersed. The

following procedure was the same as in the caskeopreparation of AS composite
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slurries. A flow chart of the overall productioropess is shown in Figure 3.2.

solvent, digpersant (spueving aid)
I.f First powder

| digersion :ﬂl——i second powder |

e e e

ml< | ballmilling |

l:; [ SHEPENsion l‘—[ Birdder. plastifier
[
slover mocing
I
Stagp I =
filtermg
i I shory readp B oast I

Figure 3.2: Flow chart of the two-stages slurry pagation process considered in

this work.
3.2.2  Tape casting

Tape casting was carried out using a double ddaitate assembly (DDB-1-
6, 6” wide, Richard E. Mistler Inc., USA) at a sgedf 1 m/min for a length of about
1000 mm. Such rather high translational speed wasidered to obtain a minor
dependence of layer green thickness on slip vigcasid speed fluctuations [80].
Also the selection of a double doctor-blade assgmiak aimed to the improvement
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of the rheological behaviour obtained during cagtisince a reduced influence of
the slip level in the reservoir on the wet-tapegheidoes exist in this case. A small
lab-scale apparatus (Figure 3.3) was used to nfwveldoctor blade with respect to
the substrate (moving blade configuration).

Figure 3.3: Lab-scale apparatus used to cast skgtin the present work.

A composite three-layer film (PET12/Al7/LDPEG60, HRiropack, Vicenza, Italy)
was used as substrate in order to make the renabvtak dried green tape easier.
For this reason the polyethylene hydrophobic sitithe film was placed side-up.
The substrate was placed onto a rigid float gldmetsin order to ensure a flat
surface and properly fixed with an adhesive tapeth® borders. The relative
humidity of the over-standing chamber was contcbb@d maintained in the range
70-80% during casting and drying to avoid a tod éasporation of the solvent and
the possible cracking of green tapes due to shymk#resses. For all compositions,
casting of suspensions was performed using twerdifft blade heights, 2%0n and
100 um, to obtain different layer thickness to combinghvin the laminate. In both
case, either the front and the rear blade weratdbe same gap height. For the sake
of brevity, these two kinds of tape are labelledhia following as type | and type I
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tapes, with reference to green tapes cast au#b@nd 100um, respectively. After
tape casting and drying, the green sheets showestbnsurface, homogeneous
microstructure and uniform thickness of approxiyaté20 pm and 50 pm
respectively.

3.2.3  Stacking and lamination

Green disks of 30 mm nominal diameter as well asetshof nominal
dimension 60 mm x 45 mm were cut from the greeegapsing a hollow punch or
an hand-cutter, stacked together according to éséretl laminate architecture and
uniaxially thermo-compressed at 80°C under a pressti 30 MPa. The pressure
was applied for 15 min in load control using a @nsal mechanical testing machine
(mod. 810, MTS Systems GmbH, Berlin, Germany). Aatimg rate of about
3°C/min was considered. A 1Q0n silicon-coated PET layer was placed between
the laminate and the stainless steel dies to ptest@king to steel of the surface
layers and make the removal easier after thermgoession. Care was taken to
maintain the same side-up for each green laminaglynile-up to obtain a better
adhesion between the different layers. In fastiaig demonstrated elsewhere that the
binder distribution is not homogeneous in the gresgre after drying [80,96], the
bottom surface (substrate side) being richer ofwig phase. Therefore, the same
side was used for each lamina in a given laminataviid delamination. Two
different kind of disks composed of 20 or 34 layeese produced: monolithic disks
of identical layers and symmetrical multilayeredten@ls constituted by a prefixed
stacking of layers. For sake of brevity, these kivmls of multilayer are labelled in
the following as thin (20 layers) and thick (34des) laminates. Only stacks of 20
laminae were used for green samples fabricatiosk<Diere ground with 180-grit
SiC paper on the lateral surfaces to eliminate laygr misalignment or border
imperfection. Bars of nominal dimensions 30 mm »xmén x 2 mm useful for
mechanical testing were cut after thermo-compresefarectangular laminates and
then re-laminated [96] before the thermal treatm@ntavoid any delamination
caused by localized shear stresses due to cuttiegations. Pre-cutting of bars is a
valid solution to avoid cutting of fired laminatesince the presence of high residual
stresses as well as the hardness of sintered alatenake that operation a long,
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tedious and low-efficient task.

3.2.4  Burn-out and pre-sintering treatment

Burn-out conditions were selected on the basis h&f tesults of the
thermogravimetric analysis on the silicon carbidevger and on the organic
ingredients listed in Table 3.3. Binder, plasticiaad dispersant must be removed in
fact by pyrolysis before sintering and the therinahtment must provide for such a
purpose. In addition, in order to maintain the cosifion in the composite materials
the oxidation of the silicon carbide powder hadé¢cavoided. Indeed, the amount of
silica induced on SiC particles during processingsitbe carefully controlled as it
results in formation of mullite and liquid phasesridg sintering and glassy
intergranular phases in the dense materials. Thgnadmetric analysis of the
silicon carbide powder was performed in air flowd@2cc/min) up to 1450°C at
5°C/min using a TG/DTA apparatus (STA 409, NETZSGHhibH, Selb, Germany)
to individuate the temperature range in which ota@taoccurs. Thermo-gravimetric
analysis of the organic ingredients was performgdoul 100°C at 5°C/min to locate
the temperature range of pyrolysis phenomena arfitied¢he correct thermal
treatment accordingly. An inert gas atmosphereofaripw of 200 criymin) has
been used to study the effect of the inert charaxdtthe atmosphere on the thermal
degradation.

As time is required for polymer degradation, whicbcurs usually by
cracking, a slow heating rate is usually requinredthe temperature range where
pyrolysis takes place to obtain a homogeneous dergreen. For the same reason,
laminates were supported in the furnace using alarsponges, which allow an easy
removal of the produced gaseous species and leas@eauniform porosity in the
ceramic body after burn-out. According to the otssdr pyrolysis intervals, all
laminates were subjected to a debinding treatmeantjed out by slow heating
(1°C/min) up to 600°C in argon flow (100 &min) to allow the complete burn-out
of the organic phase. The temperature was theaed&s4°C/min up to 1000°C for a
successive pre-sintering treatment (dwell time =nfi@) useful to produce samples
that can be easily handled.

Each sample was weighed before and after the ptersig treatment to
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determine the average weight change for the maimig this was compared with
the weight change detected by TG analysis to etalir® amount of carbonaceous
residue of the organic substances burn-out.

For all the AS compositions, green compact operogityr and pore size
distribution were analyzed by mercury intrusion qemetry (Pascal 140 and
Porosimeter 2000, CE Instruments, Milano, Italy)heT pore channel radii
distribution was obtained using standard valuesHermercury surface energy (484
erg/cnt or 4.8410° J/cnt) and the contact angle (140°).

3.2.5  Pressureless sintering

The effect of temperature, atmosphere and powder dye pressureless
sintering behaviour of alumina/silicon carbide casipes, with and without yttria as
sintering aid, was investigated to provide the eixpental conditions found to be
favourable for the laminates fabrication. Pres@as®kintering of the specimens was
conducted in an alumina tube furnace (HTRH 100-B®0/ GERO
Hochtemperaturéfen GmbH, Germany) under flowing &F Ar atmosphere
(50cc/min) during 2h at a temperature of 1700°Q0°C. The heating rate was
4°C/min until high temperature. In some experimehéslaminates were placed onto
an alumina sponge while in other cases the samydes put in an alumina vessel
and surrounded by a powder bed. Pure A16-SG alupomaler (A bed), pure Sika
ABR | F1500S silicon carbide powder (S bed) andh&f% A16-SG/ Sika ABR |
F1500S powder (AS bed) were used as beds to prompi®tective atmosphere
during firing. As discussed in previous chaptenfesing of ALO5/SiC compositions
is accompanied by the formation of volatile spec@ssAl(g), AO(g), SiO(g) and
CO(g), their concentration, and consequently thightdoss in the composite, being
determined by the material composition and by theesng atmosphere and
temperature. The gaseous species formation is yndird to the interaction between
an equal number of moles of 8; and SiC (React. (2.1)). Therefore, to hinder the
decomposition of SiC due to interaction with,@4, a mixture of 50 mol% of SiC
and ALO; has been considered, as beneficial buffer bedtestdd. Such AS bed
was produced by manually mixing the powders betiogeuse.

After sintering, weight loss and relative densifysamples were determined.
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X-ray diffraction was also used to investigate thgstalline phases of selected
sintered samples and the nature of the sinterisglual ashes present on the
alumina tube after firing. X-ray diffraction exanation and density measurements
were performed as described in the paragraph gbtigsical characterization of the
homogeneous laminates.

According to the results of these investigatiohs, 50 mol% A16-SG/ Sika
ABR | F1500S powder bed (AS bed) has been selectggtomote a protective
atmosphere. Argon flow (50 éfmin) and 1750°C with an holding time of 2h have
been chosen as other sintering conditions. Thanweedte was 4°C/min until high
temperature. A free cooling phase in the furnateved.

3.2.6  Spark Plasma Sintering

Thin and thick pre-sintered disk-shaped laminatesewsubjected to spark
plasma sintering. In particular, thick laminatesadif AS composition from pure
alumina, ASO, to AS30, were produced. Two typethiwk laminate and one type of
thin engineered laminates, as described in thetivelgparagraph, were also
fabricated. Thin homogeneous alumina laminatesellied as ASH, were also
produced to compare the behaviour of the thin exegied laminate. Spark plasma
sintered multilayers are labelled as AS (SPS) latein

Two pre-sintered samples of the same type werdutigrelaced into the 30
mm inner diameter graphite mould separated by phiea spacer. The mould was
then closed and placed in the SPS apparatus (DterS1050, Sumimoto Coal
Mining Co., Tokyo, Japan). Sticking of the compactshe punches was prevented
by placing a graphite foil 20Q@m thick between the compact and the surface of
punches and mould. Two laminates were sintered aich efiring treatment to
improve the technique productivity and to lower faérication costs (Figure 3.4
and Figure 3.5). The initial uniaxial pressure wgsal to 6.4 MPa. A vacuum level
of 102 mbar was reached and a pulsed current (12 impofs&8sms on and two
impulses of 3 ms off) was applied. The temperatuas raised to 600°C in 5 min

and then monitored and regulated by means of doabjptyrometer.
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Figure 3.4: Schematic representation of the SPSigration adopted in the
present work.

Figure 3.5: Photograph showing the elements cantstig the core of the SPS
ensemble. From the left, a graphite punch, a gregptlie, a laminate sample, a

graphite spacer, a laminate sample and a graphitegh are recognizable.
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Then, the uniaxial pressure was raised to 28.7 MR the temperature was
increased, at first up to 1650°C (heating rate 8°Cdmin) and then to 1700°C

(heating rate = 50°C/min). After a holding time2fin, the pressure was released,
the current turned off, and the sample cooled d@wsintering temperature equal to
1700°C was chosen for the spark plasma sinterimrgss to obtain dense
microstructures for all the compositions and to enak comparison with the

analogous pressureless sintered materials.

3.3 Homogeneous Laminates
3.3.1  Physical characterization

Crystalline phases in selected sintered samples aeamined through X-
ray diffraction in the Bragg-Brentano geometry (§&ziFlex Dmax lll, Rigaku Inc.,
Tokyo, Japan) with Cu-Kradiation, operated at 40 kV and 30 mA, and aytap
monochromator in the diffracted beam. The step aim step time are 0.05°/step
and 5 s respectively. The quantity of phase contiposbf selected samples was
analyzed with Rietveld refinement of the XRD ddafhe Rietveld analysis program
Materials Analysis using Diffraction (MAUD, Versiah26) [97] was employed to
evaluate the collected diffraction patterns.

Bulk densities of sintered samples were measuredhby Archimedes’
immersion method in de-ionized water at room terapee. Six samples for each
material were considered. Relative densities arrdgity were also calculated with
reference to the theoretical densities of fully sifed composites. Assuming a
density of 3.984 g/cinfor alumina and 3.16 g/chior silicon carbide (Table 3.1),
the theoretical densities of composites were catedlby the rule of mixtures:

P12 = pifut +p2l—fia) Eq. (3.1)

where p1,, p; and p, are the densities of the composite, phase 1 andepBa
respectively and,f the volume fraction of phase 1.

The thermal expansion coefficient required fortbgdual stress calculation
by Eqg. (2.15) and Eq. (2.16) was measured in thgg&5-1000°C by a dilatometry
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apparatus (DIL 402, NETZSCH GmbH, Selb, Germanyjigugan alumina sample
holder and a heating rate of 5°C/min. The expertaiaralues were compared to the
Turner's equation [3] proposed to estimate thernttarexpansion coefficient of a
generic composite with a fine and equiaxed micuxstire, reported in the following

in the case of a two phase composite:

o= 2Bt 0,Bo(1-1,1) Eq. (3.2)
Bif vy +Bo(L-fyy)

where B and B are the bulk moduli of phase 1 and 2, respectjwglyanda, the
corresponding thermal expansion coefficients gnthé volume fraction of phase 1.
The microstructure of the sintered materials waseoled using Scanning
Electron Microscopy, SEM, (JSM-5500, JEOL Inc., Yok Japan) and energy
dispersive microanalysis (Analyzer 500, IXRF Sysemc., Houston, TX, USA).
Specimen surfaces were polished tarh and thermally etched at 1500°C for 20
minutes in argon atmosphere. The average grain &zef monolithic alumina

samples was evaluated on SEM micrograph usingrtbellintercept technique:

C
G=156—— Eqg. (3.3
o ¢ 3:3)

where C is the total length of test line used, Bl tumber of intercepts and M the
magnification of the photomicrograph [98]. A modiilineal intercept equation was
used to obtain the average grain size of the pyiphase in two phase systems:

C
G= 156ﬁ Eq. (3.4)
e

where G¢ is the corrected test line length ang; khe effective number of intercept
[99]. Randomly drawn lines intersecting at leadd §Bains was considered for each
measure. Silicon carbide grains were identifiedebgrgy dispersive microanalysis

and generally appeared smooth and light colourddtive to alumina. The
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observation of fracture surface of homogeneous emgineered laminates after

mechanical testing was also done by SEM.

3.3.2 Mechanical characterization

The spark plasma sintered compact disks were graithd250pum diamond
wheel on the lateral surface to facilitate the bipfoil removal and cut with a
diamond blade into rectangular bars (thin and thackinates to approximately 1.3 x
7 x 25 mm and 2 x 7 x 25 mm, respectively). Predesgs sintered bars with
approximately 1.7 x 7 x 25 mm nominal dimensionsengroduced. Each laminate
was ground using 12mm grain size diamond disk to obtain lateral surdace
perpendicular to the laminas plane. The edgesetm ltension, of specimens were
bevelled with 800-grit SIC paper to remove macrpsrtalefects and geometric
irregularities. In the case of spark plasma sictesamples, the provisional tensile
load surface of all bend specimens was the onertact with the graphite punch
and perpendicular to the pressing axis. No furgadishing or finishing operations
were performed on the sample surfaces or edgesoid any artificial reduction of
flaws severity.

Fracture strength test was carried out in four-pbénding mode with inner
and outer span of 10 and 20 mm, respectively, aitsshead speed of 0.2 mm/min.
The tests were performed according to the ASTM &tethC 1161-02c¢, though the
samples did not conform to the exact size recomat@nts. The strength values
were calculated from the average of 10-12 testaclt load.

Young’s modulus, E, was calculated from the loagpldicement curve
obtained by four-point bending test. All displacemeata were corrected for the
machine stiffness. Assuming a Young' modulus of €la for alumina and 415
GPa for silicon carbide (Table 3.1), the theoréti¥aung’s modulus of fully
densified composites was considered to remain quitvaried according to the

Hashin-Shtrikman model and the equation:

9uB

T Ea. (3.5)
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where B andu are the bulk modulus and the shear modulus detednas an
average of the upper and lower bounds calculatedrding to the model. In the
case of porous pressureless sintered materiaksoiaion proposed by Roberts and
Garboczi [100] was used to estimate the elasticutorsd

n
E P
—=|1-— Eq. (3.6
£ [ Po] g. (3.6)

where E is the Young’'s modulus of the porous malteR is the porosity, Hs the
Young's modulus of the dense material; 8rd n are empirical correlation
parameters depending on the pores model.

The Poisson’s ratio of the spark plasma sintereshdg@neous laminates
were also calculated by Hashin-Sthtrikman modeltaecequation:

_ 3B-2u

2B +n) Ea. (3.7)

where B andu are the bulk modulus and the shear modulus detedmas an
average of the upper and lower bounds calculatedrding to the model. In the
case of porous pressureless sintered materiaksgihation proposed by Roberts and

Garboczi [100] was used to estimate Poisson’s:ratio

P
vV =Vo +—(Vn ‘Vo) Eqg. (3.8)
P
wherev is the Poisson’s ratio of the porous materials Rhie porosity, vq is the
Poisson’s ratio of the dense materig),adv, are fitting parameters depending on
the pores model.

The hardness, H, values were measured by meansckérg indentation

method from the following formula [6]:

P
H :1.8544d—2 Eq. (3.9)

87



where P is the indentation load and d the projediagonal of the indentation. A
load of 300 N was applied for 15 s on them polished surface perpendicular to the
pressing axis, in the case SPS laminates.

Fracture toughness, & was calculated using the Indentation Method
(IM)[101] after measuring the radial crack lengthby optical microscopy using a

200X magnification:

Kic :0.01{%050% Eq. (3.10)
Spark plasma sintered and pressureless sinteredninalu (ASO)
homogeneous laminates were also subjected to adaliti mechanical
characterisation, including a Weibull analysisfsesf post-indentation strength and
a fractographic analysis of broken samples, asritbestin detail in the following
paragraph. Only this composition was consideretthé@se analyses since alumina is
the proper reference material to make a mechabég@viour comparison respect to
the engineered laminates. Indeed, alumina repregbet ceramic constituting the

internal region and the surface layer of the ergyie@ multilayers.

3.4 Engineered Laminates
3.4.1  Structure of engineered laminates

In the second chapter an approach to design laesinvath high mechanical
reliability has been presented. Considering thecsetl composite materials, the two
layers thickness (types | and II) cast in the presgork and the two sintering
methods (PS and SPS), five different multilayergtnreetric laminates were
designed and produced. The structure of the lagsnatas selected to obtain a
residual stress profile optimised to support begdimads and promote a stable
propagation of surface defects up to a maximumhdépthe interval 50-8um.
Such laminates, labelled as AS-l (PS), ASY-l (P&J AS-l (SPS), AS-Il (SPS),
AS-1ll (SPS) present the structures shown in Figuée AS-I (PS) was produced by
pressureless sintering using composites in the ABlesystem, ASY-I using also

yttria as sintering aid, whereas AS-1 (SPS), AGSIPS), AS-Ill (SPS) were obtained
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by spark plasma sintering of AS composites muléitayin order to obtain fully

densified materials. If a notation similar to thased for composite plies is
considered [11], the multilayer structure in terafscomposition and sequence of
the laminae can be expressed as:

AS-I (PS) ASQ/AS10,/AS20,/AS10,/(ASG)
ASY-1 (PS)  ASQ/ASY10,/ASY20,/ASY10,/(ASQ)
AS-1(SPS)  ASQIAS1Q,/AS2Q,/AS10Q,/(ASQ)*Y/
AS-II (SPS)  ASQIAS2Q,/AS3Q,/AS20,/(ASQ)*Y/

AS-IIl (SPS)  ASQ/AS10,/AS20,/AS10,/(AS0)™/

where the numerical subscripts represent the gy previously discussed (I =
type I, Il = type 1) and the superscript represeahe times a single layer is repeated.
In this notation the symbol slash (/") separates tcontiguous layer and, if
repeated twice, represents the symmetry plane eatcéimtre of the laminate. As
usually, the sequence presented above starts fienexternal layer. For instance,
the laminate AS-IIl (PS) is obtained by spark plassintering stacks of, in the
order, one thin ASO layer, one thin AS10 layer, thie AS20 layer, one thin AS10
layer and finally sixteen thick ASO layers. Suckjsence is repeated in the reverse
order in order to obtain a symmetric multilayer gifie 3.6). Typical layers
thickness, as estimated on the produced enginésredates by optical microscopy
and SEM, are also reported in Figure 3.6.

The residual stress distributions were calculatrdetich laminate by Eq.
(2.15) and the corresponding T-curve estimatedrdaog to the model represented
by Eq. (2.17) using a numerical procedure implemerih a commercial software
(MATHEMATICA ®, Wolfram Research, Inc., Champaing, IL, USA), twde
being listed in the Appendix.
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Figure 3.6: Schematic representation of the symim&tminates structures

considered in this work. Layers thicknesses andpositions are reported.

Dimensions are not in scale.
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To this purpose, the required material properta&s,Young modulus, thermal
expansion coefficient and fracture toughness, a#l a® the layer thickness
estimated by previous characterisation were usdte free deformation was
supposed to be related only to thermal expansidrr@om temperature of 25°C and
stress free temperature equal to 1200°C were cemesldn Eq. (2.15) according to
previous works [62]. Once the correct trend of fheurve was numerically
estimated, the design bending strength and thrésdtodss were estimated by Eq.
(2.19) and Eqg. (2.20), as well as the depth ofdahgest edge cracks propagating in a
stable fashion.

3.4.2  Weibull analysis and post-indentation strength

Sintered bars of the engineered laminates AS-I,(RS)Y-l (PS), AS-I
(SPS), AS-Il (SPS), AS-Ill (SPS) together with tberresponding homogeneous
alumina laminates ASO (PS), ASO (SPS), AS@BPS) with 7 mm x 25 mm
nominal dimension were ground using a 128 grain size diamond disk to obtain
lateral surfaces perpendicular to the laminas pl&dges were slightly chamfered
with 800 SiC papers to remove macroscopic defeddsggometrical irregularities as
previously described.

Four-points bending tests were carried out using #ame apparatus
described before with an actuator speed of 0.2 nimémd inner and outer span of
10 mm and 20 mm, respectively. For each lamina;3@ samples were
considered, while 12-20 samples were tested inctse of thick spark plasma
sintered laminates. A Weibull analysis was perfatne®m bending strength data.
Monolithic alumina specimens produced using theesaintering conditions were
tested for comparative purposes.

Using the same experimental apparatus and the <gesteconditions,
bending strengths on indented samples were alssurezhin order to investigate
the damage tolerance of the engineered laminatekei$ indentations with loads of
10 N, 30 N and 100 N were placed on the sampleasairfo introduce defects of
different sizes. Three indentations were producethé centre of the perspective
tensile surface. Homogeneous ASO (PS), ASO (SP&)AS0" (SPS) were also
tested in the same conditions for comparison. Fmhecondition 3-4 indented
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samples were considered, while only two sampleshef AS-1l (SPS) laminate,
indented at 30 N and 100 N, were tested. In the aispressureless sintered
engineered laminates, some indentations at higbedsl (150 N) were also
performed to investigate the interaction of deepeacks with the sub-surface
residual stress profile.
The mechanical behaviour observed in the case effitte optimised

multilayers considered in the present work is presg in the next chapter. As
previously discussed, the mechanical behaviouraoh grofile is compared to that

one of the corresponding homogeneous laminate.

3.4.3 Investigation on stable growth

The reduced strength scatter expected for the gadrlaminates is related
to the T-curve behaviour promoted by the residti@ss profile. In addition to an
increase of damage resistance, stable growth premerfor surface cracks are
expected to occur. An experimental verificationsoich a stable propagation of
surface cracks is therefore aimed to prove thattwdesigned actually happens.
Fractographic analysis is an important tool to us@ad the fracture mechanisms,
allowing to identify whether the fracture was aulesof material deficiency or
residual stress induced condition by design.

A fractographic analysis of the fracture surfacésimented and non-
indented broken samples was performed either f@& ¢mgineered and the
corresponding homogeneous laminates. The fractuggn@nd location, on surface
or near surface, was identified. The presencaepiaark or unexpected feature was
recorded, paying special attention to the presesfcéhe fracture mirror, when
present. Both optical and scanning electron miapgaevere used to this purpose.

As already discussed in the second chapter, wherrttical condition for
brittle failure is reached (Eqg. (2.2)), crack stad propagate increasing its speed up
to a maximum value. Beyond this point, any furth@chanical energy released is
dissipated by crack tilting, twisting and branchamy the fracture surface presents a
higher roughness. Therefore, a smooth region iallyspresent just near the starting
defect while roughness increases at larger distéifigere 2.4). In most cases, two
kinds of region can be typically recognised: a mmbhe with a medium roughness
92



and a hackle zone where roughness is coarser. Sgsial feature is always
produced on the fracture surface around the creginpits shape being associated
to the loading condition and its size to the sttengplue [29]. Nevertheless, it is
important to point out that if no mirror is obsetven the surface, there is also the
possibility that this is associated to a low fraetstrength, since the radius of
fracture mirror can be larger than the sample cecti

Regardless the actual size of the fracture miit®ishape is expected to give
useful information about the position of the stagtidefect and to the loading
condition, the negative curvature pointing the dim of crack propagation and the
opposite showing therefore the side where craakrois. The position and shape of
the fracture mirrors observed for the engineeredriates and for the corresponding

homogeneous samples were discussed to investigaténd of the critical defects.
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Chapter IV

Results and discussion

4.1 Green tapes

Flexible and homogeneous green tapes were suclipgsftained (Figure
4.1). The quality of the produced green tapes hedvalidity of the overall process
was verified either by the ease of cutting as aelby the perfect adhesion observed
between layers after thermo-compression. Afteresimg, in fact, no marks at the
interface were observed in the homogeneous lansinatel defect-free dense

monolithic materials were produced.

Figure 4.1: AS30 green tape (type 1) produced is tork. Coiled and twisted
green ribbons are shown to emphasize green resistand flexibility. The ease of
peeling of the tape from the substrate is also show
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Also the peeling action of the dried green tapenftbe substrate was an easy task
(Figure 4.1), even in the case of thinner tapess Tha further evidence of the
quality of the green material since a certain maid# resistance is required for
safe peeling. No defects were observed in the gtaees during the preliminary
analysis.

The thickness of type | and type Il tapes was nreaswsing a high
precision digital micrometer. Type | green tapesvedd a dried thickness of about
120 um, not depending on slip composition and closealb df the considered blade
gap (250um). Type Il green tapes showed a dried thicknesthénrange 5Qum,
again close to the half of the considered blade (8P um). A clear reduction of
green thickness is due to the lamination procéssyvierage effect estimated in about

6% for a single thermo-compression and 11.5% twice-repeated operation.

4.2 Pre-sintered laminates

Since the selected silicon carbide powder undergmesidation in air also
at low temperatures (Figure 4.2), argon as inenbaphere has been chosen for the

pyrolysis treatment.

12
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T [°C]

Figure 4.2: Thermogravimetric analysis of the siliccarbide powder in air. Weight

gain, due to the carbide oxidation, is shown alsto& temperatures.
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From the TG curves in argon flow of the three ofgangredients (Figure
4.3) it can be observed that weight loss takeseptaainly in the range between
200°C and 500°C for the dispersant and close t¢@ad0r the other substances.
Quite a complete decomposition is achieved in amhg stage for binder and
plasticizer. From it can be appreciated that #sédue after pyrolysis is not zero for
all materials. An amount of carbonaceous residugletp 7.5-13.5 wt% is present

after the thermal treatment.

01 dispersant
20 | —— — binder
—————— plasticizer
g -40 A
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-80 |
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Figure 4.3: Thermogravimetric analysis of the orgaimgredients in argon. Weight
loss due to polymer degradation takes place maintiie range 200-500°C.

Black, resistant and easy-to-handle samples weteinsa after the pre-
sintering treatment. Incomplete binder born-out wagposed, based on the colour
of the samples, on the results of calculated (aspéete burn-out) and measured
weight loss (Figure 4.4) after the thermal cycled an the thermogravimetric
analyses performed on the organic binders. In fatten organic binders are
pyrolyzed in oxygen free atmosphere it can inhdyenmtemorize their dangling
structure. This lead to a long range interconnactib pyrolyzed carbon which is
continuously and uniformly distributed throughoutetceramic microstructure.

Normally, the concentration of pyrolyzed carboniveat from polymer is minimal
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but enough to change the entire colour of the santpl black. The residual

carbonaceous matter in the pre-sintered laminatgnated as equal to 5.5 + 0.7

wt%, was considered acceptable since no adverseteffas supposed to occur in

the following sintering step. Indeed, graphite eonihation from the mould is

expected anyway to happen in spark plasma sintenhde no densification limits

are supposed to be encountered in the presencelofassmall amount of carbon, in

pressureless sintering.
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Figure 4.4: Weight loss of the alumina/silicon daldcomposites, calculated and

measured after burn-out in Ar atmosphere, as atfanof SiC content.

Table 4.1: Average pore radius and relative densftthe pre-sintered

alumina/silicon carbide composites.

SiC content [vol%)]

0 5 10 15 20 25 30
Average pore radius 63 77 67 77 93 90 91
[nm]
Relative density [%] 57.2 528 535 548 530 536 554
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The pre-sintered monolithic laminates exhibited @talt porosity of
approximately 45% (Table 4.1) with narrow pore siigribution from 63 nm to 93
nm. The packing density and quality of green sammehigh enough to help the
sintering of the compacts. The addition of yttriadhno significant effect on the
green properties and on the pore size distribudfdhe alumina compacts.

Frequent delamination was encountered during teesimtering process of
the AS-ll (SPS) laminate samples where layers @oing large compressive
stresses (AS30) are present. The high residuatsstse produced by thermal
mismatch upon cooling can not be sustained, in facthe porous green materials
and shear delamination occurs. Nevertheless, ékidtrcan be considered as a proof
of the existence of high residual stresses diraetigted to the sole contribution of

thermal expansion mismatch.

4.3  Pressureless sintering

The pressureless sintered,@4/SiC compacts exhibited weight loss in the
order of 1-6 wt% (Figure 4.6) at 1700°C, the high&iues corresponding to higher
SiC content and for the samples sintered on thmial sponge. The use of an Ar
atmosphere and of the AS bed led to the lower wédasls, equal to about 1 wt% for
all compositions (Table 4.2). Relative densitiesrdased with SiC content, ranging
from about 90% for pure alumina to about 65% fa £830 composite (Figure 4.7
and Table 4.2). When Nvas used as sintering atmosphere a better dextmficof
alumina was achieved respect to Ar, as observeddiye [102]. Indeed, Norovide
less resistance to final pore closure in alumina tua higher diffusivity. However,
the effect of N in the sintering of the composites was detrimergapecially for
high SiC contents (Figure 4.6 and Figure 4.7).

Weight losses were increased at 1750°C, reachihgesaof about 16%
when N was used as sintering gas (Figure 4.8). Mass @samgre higher for
samples placed on alumina sponge or into alumind bed were minimized
(~1-2.5 wt%) in the case of the AS bed, as expdayetbnsidering the vaporization
reaction occurring in the firing treatment. Relatdensities were slightly increased
respect to the 1700°C firing cycle (Figure 4.9 aatile 4.2).

Analogous considerations could be proposed whenaytas used as
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sintering aid. Increasing temperature led to higheight losses, particularly for
higher SiC content and when a certain amount of & not surrounding the
samples. The use of the AS bed reduced the masgehhat remained as equal to
~1 wt% at 1700°C and ~1-2.5 wt% at 1750°C (Figud®4Figure 4.13 and Table
4.2). Densification of the composites was increasespect to the non doped
materials, especially at 1750°C, and limited to %7r the AS30 laminate (Table
4.2). From Table 4.2, it can be also seen that ifiestson of yttria doped
composites was improved at 1750°C, which is simdahe melting point of yttrium
aluminum garnet (YAG), suggesting that it is thaerfation of a YAG liquid phase
which allows sintering to occur [103].

X-ray patterns of residual ashes (Figure 4.5) presa the alumina tube
after firing tests conducted at 1750°C in Ar suppbe identification of silicon
(ICDD File Card Number 27-1402) as main constitudritis result suggest the
formation of Si by the reaction of gaseous SiO wgithall amount of C, present in
the samples, as carbonaceous residue, and irritigedimosphere, validating React.
(2.2).

Figure 4.5: Residual ashes formed into the furnaloenina tube during
alumina/silicon carbide composites sintering.
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Figure 4.6: Weight loss as a function of SiC conh#dter sintering of AlO4/SiC
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Figure 4.7: Relative density as a function of 8tdtent after sintering of AD/SiC

composites at 1700°C.

101



18 1750°C
—X— 0n sponge
15{ —e—Abed
S —&— S bed
% 124 —=—ASbed
4 —0—ASbedin N2
= 9] =
%)
T 6
=
3 1
0 T T T T T T T

0 5 10 15 20 25 30 35
SiC Content [vol%)]

Figure 4.8: Weight loss as a function of SiC contdter sintering of AlO4/SiC
composites at 1750°C.
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Figure 4.9: Relative density as a function of Sadtent after sintering of AD,/SiC
composites at 1750°C.
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Figure 4.10: Weight loss as a function of SiC eobafter sintering of XDs-doped
Al,O4/SiC composites at 1700°C.
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Figure 4.11: Relative density as a function of 8i@tent after sintering of,®0s-
doped AJO4/SIC composites at 1700°C.
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Figure 4.12: Weight loss as a function of SiC eobtfter sintering of XDs-doped
Al,O4/SiC composites at 1750°C.
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Figure 4.13: Relative density as a function of &i@tent after sintering of,®0s-
doped AJO5/SIC composites at 1750°C.
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Table 4.2: Weight loss (wt loss) and relative digni.;) of alumina/silicon carbide

composites, with or without yttria as sintering ,@édter sintering surrounded by the

AS bed.

1700°C 1750°C
laminate wt loss [%] Drel [%0] wt loss [%0] Prel [%0]
AS (PS) composites
0 0.99 91.8 1.02 93.8
5 1.14 89.3 1.40 90.6
10 1.32 814 1.78 82.3
15 1.44 73.4 1.68 72.9
20 1.15 67.9 2.07 68.2
25 1.16 65.7 2.58 65.9
30 1.07 65.0 1.78 64.0
ASY (PS) composites
0 1.26 93.7 1.12 95.4
5 151 89.9 1.08 94.6
10 1.49 82.6 1.75 91.9
15 1.12 73.5 2.15 87.5
20 1.04 67.2 2.71 74.8
25 0.95 65.5 2.30 734
30 1.07 63.7 2.45 70.1

The AS composites sintered at 1750°C in Ar exhibttee presence of onbyAl,O;
(ICDD File Card Number 10-173) andSiC (ICDD File Card Number 29-1131).
No presence of oxycarbides, carbide, or mullite vlagerved. When yttria was used
as sintering aid, YAG (ICDD File Card Number 88-8D4vas found in the samples.
The composition of the AS20 composite surroundedABybed and sintered at
1750°C in Ar atmosphere was confirmed by Rietvefthement.

All these results confirm the validity of the prgsing and are consistent
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with the view that the effect of the powder betbisimit the escape from the sample
of any volatile components, which might have formddring heating, by
surrounding it with an equivalent partial pressofethe volatile species in the
powder bed and minimizing the driving force forfdgdion out of the sample.

4.4  Spark plasma sintering

Fully dense and thin compacts can be obtained askgdasma sintering at
temperatures ranging from 1335°C for pure alumina475°C for the AS30 (SPS)
composite (Figure 4.14) as observed by the recodisplacement rate versus
temperature diagram of the powder compacts.

The use of graphite foil between the compact ardsthface of punches and
mould in the SPS apparatus is mandatory to presemple bonding to the punches
and its subsequent rupture due to different cotitracluring cooling down (Figure

4.15). A graphite spray is not sufficient for tipisrpose, although it allows a better
surface finishing.

1500

1450 d

1400 - L

1350 A

Sintering Temperature [°C]

1300 T T T T T T

0 5 10 15 20 25 30 35
SiC Content [vol%)]

Figure 4.14: Spark Plasma Sintering temperaturéhefAS composites, observed in
this work, as a function of SiC content.
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Figure 4.15: Photograph showing laminate ruptuteedo sample bonding to
graphite punches, when graphite spray was use@laasing agent. Intact sample
(right) was produced by wrapping in graphite foils.

4.5 Homogeneous laminates
45.1  Microstructure and composition

Figure 4.16 shows a SEM image showing the typidatastructure of the
ASO (SPS) homogeneous laminate. Polishing and #deztohing at 1500°C for 20
min was used to highlight the grain boundaries.rdMitructure is dense and quite
homogeneous. No preferred orientation can be obdan/the grains. As shown in
Table 4.3, an average grain size of 2.4 +|h?2was calculated by Eq. (3.3). This
demonstrates that no important grain coarseningiroed, also when high firing
temperature (1700°C) are used, it being a direnseguence of the spark plasma
sintering technique. The appearance of the prdsssrsintered alumina ASO (PS)
(Figure 4.17) was similar to the spark plasma siutenaterial with a larger grain
size, equal to 5.6 + 04&m. Grain coarsening is due to the high temperatit#80°C,
used in pressureless sintering. X-ray patternb®pure alumina samples, produced
by both spark plasma sintering and pressurelessrisig, support the identification
of only o-Al,O; (ICDD File Card Number 10-173) and confirm the enit

composition.
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The typical microstructure observed in the cas@&®f(SPS) composites is
shown in Figure 4.18 for the AS30 composite. Theoatm sharp gray grains
represent the silicon carbide phase while the ezggiains correspond to alumina.
The colour contrast between the two phases ismehse due to the low mismatch
between the element mass present in alumina afmbrsicarbide. Phases are
homogeneously and randomly distributed, this beipgoof of the optimum slurries
preparation. No pores or cracks are present andllydense microstructure is
obtained. Alumina grain size is smaller than ingpatumina (Table 4.3), and no
large grains are present at all. This fact corredpdo the expected retaining effect
of silicon carbide grains on the alumina grain glowrom the values presented in
Table 4.3 for some selected composites, it can fy@eaiated that the effect
increases with the silicon carbide content, a valsiesmall as 1.4 = 0Am being
recorded for the AS30 composite. Silicon carbidairgr remain quite large,
presenting a micrometric average grain size eqoahtiout 4.2um for all the
compositions.

Figure 4.19 presents a SEM image of the AS20 (BB8)posite. Differently
from the AS (SPS) composites, a significant redighasosity can be noticed. The
residual porosity and the incomplete sintering oleggle in the pressureless sintered
homogeneous composites are due to the detrimeffeadt eof SiC on alumina
sintering, as already discussed in the second ehafite spark plasma sintered and
pressureless sintered AS composites exhibited ibgepce of onlwy-Al,O5; (ICDD
File Card Number 10-173) angSiC (ICDD File Card Number 29-1131), the
composition of the AS20 (PS) composite being camgd by Rietveld refinement.
No presence of oxycarbides, carbide, or mullite alaserved.

Figure 4.20 shows the typical microstructure ofigttioped alumina ASYO
(PS). Microstructure is dense and quite homogenestis equiaxed gray alumina
grains with an average size of 4.5 + ufd (Table 4.3). Therefore, no increase of
alumina grain size related to the presence ofayttias observed. Small regions of a
white phase assumed to be yttrium aluminum garMé&G) situated within the

alumina grains are clearly visible in Figure 4.20.
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Figure 4.16: SEM image of the typical microstruetwbserved in ASO (SPS).
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Figure 4.17: SEM image of the typical microstruetwbserved in ASO (PS).
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Figure 4.18: SEM image of the microstructure obsdrin AS30 (SPS).

Figure 4.19: SEM image of the typical microstruetmbserved in AS20 (PS)
composite.
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Figure 4.20: SEM image of the microstructure obsdrin the ASYO (PS) material.

Table 4.3: Grain sizes of alumina {zgand silicon carbide (g measured in

selected homogeneous composites.

laminate G [um] Gs [um]
AS (PS) composites

ASO (PS) 5.6+0.5 -
ASY (PS) composites

ASYO (PS) 45+1.0 -

AS (SPS) composites

ASO (SPS) 24102 -
AS20 (SPS) 20+0.2 42+21
AS30 (SPS) 1.4+0.1 41+23

Similarly to the AS (PS) composites, a significeegidual porosity was also
observed in the ASY (PS) composites. The formatibimtergranular YAG (ICDD
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File Card Number 88-2048) was confirmed by EDX wgsial showing the presence
of yttria in the white regions and by XRD investiga on the ASY (PS) samples, as

discussed in the previous chapter.

45.2  Density and porosity

Density (Figure 4.21) and porosity results as olgdi by Archimedes’
principle are presented in Table 4.4 for all thenpositions. For each composite
relative density with respect to the theoreticalugafor the given composite
estimated by Eq. (3.1), which represents simplyrthe of mixtures of a two-phase

composite is also shown.
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Figure 4.21: Density as a function of SiC contenthie monolithic laminates
considered in this work. Calculated theoretical sign(Th) is also shown for

comparison.

In excellent agreement with the qualitative consitlens presented on the
basis of the SEM microstructures, AS (SPS) compssihow a dense structure, the
relative density being in every case larger thari®6 Pure alumina ASO (SPS) is
fully densified and presents a fired density of23gcn?, corresponding to 98.4%.
Conversely, pressureless sintered laminates, wittitbout yttria, present a residual

porosity, whose value increases strongly with tiie ¢dntent, up to a value as high
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as 24.8% for the ASY20 (PS) composition and eve®%4for the AS20 (PS)
composite. Due to the high porosity values of thmgosites exceeding the 20 vol%
SiC content, only AS (PS) and ASY (PS) compositéh wp to this composition
have been considered as usable for engineered dtewiriabrication, and hence
investigated. The pressureless sintered alumiith,ow without yttria added, reach
a relative density as equal to 93% and 95.3% réispéc

Table 4.4: Densityp), relative density(e) and porosity (P) as measured by
Archimedes’ principles on the AS composites.

laminate p [glent] Prel [%0] P [%]

AS (PS) composites

0 3.70£0.03 93.0+0.8 0.8x0.7

5 3.48 £0.03 88.3+0.8 6.0+x0.9

10 3.05+0.02 78.2+0.6 21.0+£0.7
15 2.77 £0.07 71.6+1.7 27512
20 247 +0.11 64.8+2.9 349+29
ASY (PS) composites

0 3.81£0.01 95.3+04 0.1+01

5 3.80+0.01 96.0+0.4 0.7x0.2

10 3.57 £0.06 91.0+1.5 57x19

15 3.41 +0.06 879x15 128+1.0
20 2.94 £0.05 76.7+1.3 248 +£0.9
AS (SPS) composites

0 3.92 £0.02 98.4+0.5 0.5+0.3

5 3.89 £0.01 98.7£0.2 0.7+0.3

10 3.85+0.01 98.8+0.3 0.2+0.2

15 3.80 £0.02 98.5+0.5 05+0.2

20 3.75+0.02 98.2+0.4 0.3x0.2

25 3.65+0.01 958=+1.1 1.7+£0.6

30 3.59 £0.02 96.1 £ 0.6 1.8+£0.3
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The reasons of the differences between the spaaknp sintered and the
pressureless sintered composites were alreadyalpartiiscussed in previous
chapters. Indeed, diffusion at the ,@/SiC interface is slower than at the
Al,O4/AlL, O3 interface due to the strong directional bondingath ALO; and SiC.
Since densification in alumina is controlled by igréboundary diffusion the
presence of intergranular SiC limits densificatjd@]. Particularly, alumina/silicon
carbide composites are usually produced by usiagspire aided processes to obtain
dense bodies [11,26]. The presence of yttria atersig aid in the ASY (PS)
laminates is beneficial as the relative densityhef composites is increased for all
the compositions.

45.3 Thermal expansion behaviour

The thermal expansion coefficients measured byguaim alumina sample
holder and averaged in the temperature range 2®°00fre presented in Table 4.5
for all the compositions considered in the presemtk. The AS laminates show a
lower thermal expansion than pure alumina (ASOg tlecrease being a direct

function of silicon carbide content (Figure 4.22).
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Figure 4.22: Thermal expansion coefficients of Al&composites sintered by SPS
as a function of SiC content. Theoretical trendnested by Turner’'s equation is

also shown (dashed line).

114



Table 4.5: Young modulus (E), Poisson'’s ratip flardness (H), fracture toughness
(K,c) and average thermal expansion coefficientaf the homogeneous laminates

considered in this work.

laminate E v H Kic a
[GPa] [GPa] [IMPanfd  [10°°CY
AS (PS) composites
0 389+46 0.230 15.8+04 29+0.2 8.80
5 388+7 0.227 12.2+0.7 31+02 8.59
10 306+26 0.223 6.1+0.1 35+03 8.57
15 230+£14 0.220 3.8%0.1 3.2+x0.2 8.39
20 139+22 0.219 18z%0.1 29+0.1 8.27
ASY (PS) composites
0 396 +£22 0.230 153%1.0 29+0.2 8.82
5 386+21 0.227 12.0+0.1 3.2+02 8.63
10 353+22 0.224 57+0.1 35+04 8.47
15 284+37 0220 36+04 32+04 8.30
20 193+13 0.218 2.1+0.1 3.0+03 8.18
AS (SPS) composites
0 398+31 0.230 17.0x14 3.0+x03 8.80
5 398+14 0.227 17.1x0.7 31+04 8.52
10 394+38 0.224 175x0.8 3.3x0.1 8.45
15 397+28 0.220 16.7+0.8 34+01 8.35
20 366+9 0.217 17.2+11 3.3+02 8.03
25 400+22 0.214 16.1+04 3501 7.99
30 382+53 0.210 16.2+0.5 3.3+01 7.87

This is exactly what one could expect on the baithe expansion behaviour of
alumina and silicon carbide assumed as equal tal@8C* and 5-16 °C*

respectively. ASO presents an average coefficie8t®10° °C* and AS composites
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lower values down to 7.9-P0C? (AS30). The data of the AS (SPS) laminates are
plotted in Figure 4.22 and compared to the thecakttoefficients estimated by
Turner’'s equation (Eqg. (3.2)). Very close agreensxigts between the trend shown
by expected and experimental data. In additiorgesthe presence of porosity in the
material is not expected to influence the thermgbaasion behaviour [6] no
significant differences in the thermal expansioreficients between the spark
plasma sintered laminates and the correspondingupopressureless sintered
materials were observed. Therefore, the actualthleexpansion coefficients are in
good agreement with respect to common literaturea @ed this confirms the
goodness and the reliability of the processing gdace used in the present work.
Finally, it is possible to point out that the thatnbehaviour in the AS composite
system was tailored successfully by adjusting thapmsition and a good range of

thermal expansion coefficients was available fanifeates design.

45.4  Young's modulus and Poisson’s ratio

Table 4.5 presents also the values of Young's meduheasured on the
homogeneous laminates considered in this work. A&&%), ASYO0 (PS) and ASO
(SPS) show a value of 389 GPa, 396 GPa and 398 r&deectively in good
agreement with literature data on dense polyciystablumina (Table 3.1). In the
case of the AS (SPS) composites, the Young's maedwmains quite constant with
the SiC content in perfect agreement with datautaed using Eq. (3.5) considering
a similar modulus (~400 GPa) for silicon carbidigiulFe 4.23 presents the measured
Young modulus as a function of volume content dic@n carbide of all the
homogeneous laminates considered in this work. tféred of AS (PS) and ASY
(PS) laminates are decreasing with SiC contenfigottie Young’s moduli lower
than the values estimated for fully dense compssithis can be due to the effect of
residual porosity which always leads to a decreiseelastic modulus [6].
Considering the Young’s moduli obtained for the (&°S) laminates as values for
fully dense materials and the measured porositythef pressureless sintered
laminates (Table 4.4) quite a good agreement wasergbd with the trends
estimated by the equation Eq. (3.6) proposed byeRskand Garboczi [100] for
overlapping spherical pores (n = 1.65 agd=f.818). Only in the case of the AS10
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(PS) laminate a deviation was observed probablytdugn overestimation of the

residual porosity.
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Figure 4.23: Young modulus of the homogeneous asites considered in this
work as a function of SiC content. Theoreticahtle estimated for porous
composites by the equation proposed by Robert$&amdoczi are also shown

(dashed lines).

The Poisson’s ratio calculated for all the homogersdaminates considered
in this work are reported in Table 4.5. The Pois&aatio of the dense AS (SPS)
laminates were calculated by Eq. (3.7). Considetingg model of overlapping
spherical pores used for the estimation of thetielmsodulus of porous materials,
the Poisson’s ratio of the pressureless sintemaéhktes where calculated according
to Eq. (3.8) with p=0.840 and,, = 0.221.

455 Hardness and fracture toughness

Vickers hardness and fracture toughness for eachogeneous laminate
produced in the present work were measured by tatlen technique (Table 4.5).
Kic is in fact an important parameter for the estimmatid the T-curve and also H is

required to compute the ratio E/H in the expressibic defined by Eq. (3.10).
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Hardness values for the spark plasma sintered csitegsaemain quite equal to the
alumina value for any SiC content. On the otherdharessureless sintered AS
laminates exhibit a decreasing trend of hardne#is the SiC content (Figure 4.24)
which is in a good agreement with the exponentjalgion:

H = Hyexp-55P) Eq. (4.1)

where H is the material hardness, islthe value of the dense spark plasma sintered
material hardness (Table 4.5) and P is the poros$itiie material (Table 4.4). Since
an exponential relationship between hardness amdsipp has been reported for
ceramics [104], the observed hardness are sinaléndse which can attributed by

considering the residual porosity.
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Figure 4.24: Hardness of the homogeneous compositesidered in this work as
a function of SiC content. Theoretical trend estaddor porous composites by an
exponential relationship is also shown (dashed)line

Toughness values for the ASO laminates are equabtut 3 MPa 17,
slightly low compared with previous data on thistenal [23]. Only limited
toughening effect can be observed in the AS (SRB)posites with toughness
values as high as 3.5 MP&ffor AS25 (SPS). Nevertheless, it is well knownttha
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Kic values obtained by indentation are usually undienestd [101]. Fracture
toughness presents a parabolic trend with sili@bide content in the pressureless
sintered laminates (from ~3 MP& frup to ~3.5 MPa fi* and down to ~3 MPa
m°®) probably related to the deleterious effect ofosity.

45.6  Strength

Table 4.6 presents the values of bending strengdasored on the
homogeneous laminates considered in this work. A&&%), ASYO0 (PS) and ASO
(SPS) show a value of 276 MPa, 278 MPa and 311 M§zectively. The addition
of silicon carbide to the spark plasma sinteredriates does not affect the strength
of the composites, which exhibit the resistanc@ure alumina, around 300 MPa.
Figure 4.25 presents the measured flexural strerggta function of volume content
of silicon carbide of all the homogeneous laminatessidered in this work. The
trend of AS (PS) and ASY (PS) laminates decread#s 8iC content since the
strength decreases exponentially with an increagmiosity [105]. The strength of

porous laminates as a function of porosity is quitea good agreement with the

equation:
400
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Figure 4.25: Bending strength of the homogeneomsrates considered in this
work as a function of SiC content. Theoretical tielestimated for porous
composites by an exponential equation are alsaveh{dashed lines).
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Table 4.6: Bending strengthyj of the homogeneous laminates considered in this

work.

laminate op [MPa]
AS (PS) composites
0 276 £ 30
5 252 + 38
10 192+ 19
15 127 + 26
20 81 +29
ASY (PS) composites
0 278 £ 25
5 271 +£47
10 234 £ 32
15 216 £ 59
20 170 £ 31
AS (SPS) composites
0 311 +50
5 267 £ 51
10 269 £ 35
15 296 £ 32
20 300 £21
25 280 £ 40
30 312+5

6 = 5pexd-3P) Eq. (4.2)

whereaoy is the strength at a zero porosity (AS (SPS))Ruisl the material porosity
(Table 4.4). Only in the case of the AS10 (PS) taté a deviation was observed

probably due to an overestimation of the residoabgity.
120



() AS-1(PS) (b) ASY-I (PS)
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(e) AS-III (SPS)

50 um

Figure 4.26: Optical micrographs of the polishedtsans of the laminates
considered in the present work. Laminae composi§@nhown..

121



4.6 Engineered laminates

4.6.1 Structure

Figure 4.26 shows the optical micrographs nearstiréace region of the
cross section of representative specimens of alettgineered laminates considered
in this work. Perfect layered structures with platdayers, uniform thickness and
good interface union between the constituent tdyze® been obtained also when
laminae of different composition have been assethbldo defects and no
delamination have been shown. Homogeneous compuositithin the single
composite laminae have been observe since SiCsgaa@ clearly visible as white
spots and homogeneously distributed in gray aluri@gars. These results confirm
the goodness and the reliability of the processingcedure used in the present
work. Residual porosity and incomplete sinterings Haeen observed in the
composite layers of the pressureless sintered esr(Figure 4.26 and Figure 4.27)
due to the detrimental effect of SiC on the alunsimering, as already discussed in

the second chapter.
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Figure 4.27: SEM micrograph of the fracture surfadehe AS-I (PS) laminate
showing the different microstructure of the AS tayeith respect to the ASO layers.
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4.6.2 Residual stress profiles

According to the theory presented in the secongtenaEq. (2.15) and Eq.
(2.16) were used to calculate the residual streisséiee five engineered laminates
AS-l (PS), ASY-I (PS), AS-I (SPS), AS-Il (SPS) af8-Ill (SPS). To this purpose,
the layer thickness shown in Figure 3.6 and theeriss properties of the
homogeneous samples presented in Table 4.5 wesideoed. The results of such
calculations are presented in Table 4.7. In tHifetéhe same layer sequence shown
in Figure 3.6 was considered, in order to use aesgmtation more similar to the
actual laminate structure. For this reason somelteeseem to be duplicated, the
same stress values being obviously obtained fosdh®e layer material.

The engineered laminate AS-1 (PS) presents a thiace layer and the core
material (AS0) in slight tension (16 MPa) while tmest compressed layer is AS20
which shows a compression of 105 MPa. A thin inemiiate compressive layer
(AS10) is placed before and beyond AS20. Simileessies were obtained in the
ASY-| (PS) laminate, the highest compressive amgét(-167 MPa) being reached
in the ASY20 layer.

Higher residual stress level is produced in therksgalasma sintered
laminates where the composing layers are dense @8pasites. The most
compressed layer in the AS-I (SPS) and AS-lll (SR®)inates is AS20 which
presents a residual compression of -402 MPa and MiRa respectively, while a
limited tensile layer (ASO exhibiting 23 MPa and i@Pa respectively) is placed on
the external surface. In a similar way, the moshgessed layer in the AS-Il (SPS)
laminate is AS30 which presents a residual comjmessf -502 MPa while the
external tensile layer ASO exhibit a residual strels28 MPa.

A phenomenon sometimes observed in high-comprdayeds is the well-
known edge-cracking (Figure 2.19(c)). As explaimethe second chapter, a highly
localized tensile stress perpendicular to the Igylane must be present in the
residual biaxial-compressed layers to satisfy tiness-free boundary condition of
the external surfaces at the laminate edge. Suelssts localised near the free
surface and is able to propagate defects only fonited depth within the laminate

in absence of further applied stresses.
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Table 4.7: Residual stresses calculated for thenmeged laminates considered in
this work. The calculated critical thicknesyfor edge cracking of the most

compressed layer is also shown.

AS-l (PS) ASY-l (PS)

i layer h o i layer h o

[um]  [MPa] [um]  [MPa]
1 ASO 40 16 1 ASO 40 26
2 AS10 40 -94 2 ASY10 40 -153
3 AS20 40 -105 3 ASY20 40 -167
4 AS10 40 -94 4 ASY10 40 -153
5 ASO 680 16 5 ASO 680 26
t, = 1837um t, = 780 um

AS-l (SPS) AS-Il (SPS)

i layer h o i layer h o

[um]  [MPa] [um]  [MPa]
1 ASO 30 23 1 ASO 30 28
2  AS10 25 -186 2 AS20 20 -398
3  AS20 30 -402 3 AS30 20 -502
4  AS10 25 -186 4 AS20 20 -398
5 ASO 890 23 5 ASO 895 28
t, = 163um t, = 105.m

AS-IIl (SPS)

i layer h o

[um]  [MPa]
1 ASO 30 37
2 AS10 25 -173
3 AS20 30 -390
4 AS10 25 -173
5 ASO 525 37
t, = 173um
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Figure 4.28: Residual stress profile calculated ioe AS-1 (PS) laminate.
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Figure 4.29: Residual stress profile calculated loe ASY-I (PS) laminate.
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Figure 4.30: Residual stress profile calculated loe AS-1 (SPS) laminate.
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Figure 4.31: Residual stress profile calculated e AS-1l (SPS) laminate.
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Figure 4.32: Residual stress profile calculated thoe AS-111 (SPS) laminate.

According to the multilayered structure of eachiregred laminates and to
the residual stress intensities, the critical lajf@ckness ¢ below which edge
cracking does not occur, was calculated by Eq.1§2f@r the most compressed
layers to investigate the occurrence of such phenom Edge cracking was not
expected for each engineered laminate studiedsmibrk.

By considering the actual stacking order of thestaythe residual stresses
can be also plotted in a graph to point out theaatlependence of the stress on
depth and to show the trend of the step-wise rasistoess profile more clearly. The
five stress profiles corresponding to the engindéaeninates are shown in Figure
4.28, Figure 4.29, Figure 4.30, Figure 4.31 andifeig}.32. A square root abscissa
was considered to make the comparison with therailag showing the apparent

fracture toughness easier.

4.6.3  Apparent fracture toughness and expected mechantathaviour

The knowledge of the residual stress profile fochelaminate allowed to
estimate the T-curvdhe trend of the apparent fracture toughness ametibn of
crack length. It is useful to remind here that $arface cracks depth x and crack

length c represent the same spatial dimension.e&sribed in second chapter, the
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calculation of the apparent fracture toughneas performed solving Eq. (2.17) and
Eq. (2.18). For each laminate, the design strerayid threshold stress were
calculated by Eq. (2.19) and Eq. (2.20), respelgtive

Figure 4.33 shows the T-curve estimated for thel ABS) laminate as a
function of crack length. After a decreasing portiof the curve corresponding to
the surface layer extent, the T-curve raises infits¢ compressive intermediate
AS10 layer. Then, a discontinuity in the T-curvensigting in a decrease of the
apparent fracture toughness from 4.5 MP¥ o 3.9 MPa M®in the external
surface of the most compressed layer AS20 is predam to the significant
reduction in intensity of the fracture toughnessrfrthe AS10 (3.5 MPah) to the
AS20 (2.9 MPa %) layer. Then, the T-curve increases up to thamaiesurface of
the inner AS10 layer with another sharp discontjnat the interface between the
AS20 lamina and the internal AS10 layer and deesagjain for deeper position.
Since the conditions of stable propagation of ciaeksatisfied when the increase of
toughness with crack extension is larger than threesponding increase of stress
intensity factor (Eq. (2.7)), the maximum depthwdtich surface flaws grow in a
stable manner at the maximum stress which can ppleedgto the laminate AS-I (PS)
before failure corresponds to a point within thestficompressed layer AS10. The
following lower monotonic increase of the apparfeatture toughness could allow
stable growth of deeper cracks, but at stressegebatthe threshold stress and the
maximum stress. The applied stress intensity famoresponding to the maximum
stress and to the threshold stress in bendingrenersas lines in Figure 4.34. As
calculated, the apparent fracture toughness ofrthkilayer reaches 5.5 MPa’f
but only the T-curve portion with up to 4 MP&tacts for the stable propagation of
surface cracks in the range betweermudDand 53um at the maximum stress of 276
MPa(Table 4.8). Table 4.8 shows also the thresho&sstexpected by this laminate,
equal to 214 MPa.

From Figure 4.34 similar considerations can be nmradarding the T-curve
behaviour of the ASY-I (PS) laminate. The curverdases in correspondence to the
surface tensile layer, then raises in the compredayers with a discontinuity in the
most compressed layer ASY20 due to the mismatehdrracture toughness of the
ASY10 (3.5 MPa fh% and ASY20 (3.0 MPa ) layers. Then, the curve decreases
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again for deeper position. In this case, only theuiive portion with up to 5.1 MPa
m® acts for the stable propagation of surface cratkise range between 46n and

80 um at the maximum stress of 290 MHable 4.8). The threshold stress expected
by this laminate is equal to 204 MPa (Table 4.8).

Figure 4.35 shows the T-curve estimated for thel AP S) laminate. In this
case, after a decreasing portion of the curve spamding to the surface tensile
layer, the T-curve raises in a quite a monotonig ugato 8 MPa i at the internal
surface of the most compressed layer (AS20) andedses again for deeper
position. Such point corresponds therefore to tleximum depth which defects
growing in a stable manner can reach and alsodoctimdition of the maximum
stress which can be applied to the laminate bed#ihere. The calculated values for
the design strength and the threshold stress idihgras well as the stable crack
growth interval for AS-I (SPS) are 437 MPa, 252 Mira 30-85um, respectively,
as shown in Table 4.8.

From Figure 4.36 similar considerations can be madarding the T-curve
behaviour of the AS-Il (SPS) laminate. The qualiattrend is similar to the
previous example except for an additional slightgttness increase in the internal
intermediate layer AS20. However, the applied stietensity factor corresponding
to the internal surface of the most compressed Ig4®30) raises in a steeper way
than the T-curve in such intermediate lamina. Heals® in this case the maximum
depth at which defects grow in a stable manneresponds to the internal depth of
the most compressed layer. The apparent fractuwightess of the multilayer
reaches a value as high as 8.8 MPaah 70um (Table 4.8). Table 4.8 shows also
the maximum and threshold stresses expected byamimate, equal to 528 MPa
and 248 MPa, respectively. A stable propagatiorswoface cracks in the range
between 3@m and 7Qum are therefore expected for this laminate.

Figure 4.37 presents the T-curve estimated forABdll (SPS) laminate.
After an initial decrease due to the ASO tensildasme layer the apparent fracture
toughness starts to increases with depth up to>amman value of 7.8 MPa M
achieved at 8um (Table 4.8). The maximum and threshold stresgpsoted for
this laminate, are 425 MPa and 239 MPa, respeygt{ieble 4.8).
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Table 4.8: Threshold stress), design strengthsf)), shortest defect size which

could undergo to stable propagation at stressesetahan the design strength))c

stable crack growth interval (j¢— &) and estimated crack sizes interval {j¢c—

Cmad)-
Otn 04 Co [Cth - [Crmin - Cma
[MPa] [MPa] [«m] [«m] [«m]
AS-1 (PS) 214 276 25 40-53 20-52
ASY-I (PS) 204 290 21 40-80 20-52
AS-I (SPS) 252 437 11 30-85 15-54
AS-Il (SPS) 248 528 7.4 30-70 15-54
AS-IIl (SPS) 239 425 11 30-85 16-66
Depth [um]
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Figure 4.33: T-curve estimated for the AS-I (P®jilzate. Lines corresponding to

the threshold and failure conditions are also shoWme bar indicates the actual
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Figure 4.34: T-curve estimated for the ASY-I (R®)ihate. Lines corresponding to
the threshold and failure conditions are also shoWme bar indicates the actual

range of starting crack sizes.
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Figure 4.35: T-curve estimated for the AS-I (SR8)ihate. Lines corresponding to
the threshold and failure conditions are also shoWme bar indicates the actual

range of starting crack sizes.
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Figure 4.36: T-curve estimated for the AS-II (SR®)inate. Lines corresponding to
the threshold and failure conditions are also shoWme bar indicates the actual

range of starting crack sizes.
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Figure 4.37: T-curve estimated for the AS-IIl (R8hinate. Lines corresponding to
the threshold and failure conditions are also shoWme bar indicates the actual

range of starting crack sizes.
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4.6.4  Weibull analysis

The mechanical behaviour of the five engineerediratas is presented
here. Each laminate is compared by using the Wedmallysis to the corresponding
homogeneous monolithic alumina laminate to highlighy improvement in the
mechanical performances due to its special ardhitec

The average bending strength measured on the RSjldamples is equal to
324 + 30 MPa (Table 4.9), the coefficient of vadat (COV) being 9%. For
comparison, the corresponding homogeneous ASO l@Shate presents a COV
equal to 11%. The decrease of strength scattdsdsexident if one compares the
Weibull plots for the laminates AS-I (PS) and ARSB] shown in Figure 4.38. The
Weibull modulus, m, is the fundamental statistipatameter used in the field of
structural design for brittle materials, the lowlee modulus the wider the scatter of
strength data and the lower the mechanical reilfigbiThe engineered AS-I (PS)
laminate presents a Weibull modulus equal to 13endivalue of 11 was measured
for the ASO (PS) (Table 4.9). The minimum and threximum strength value in the
distribution are also shown in Table 4.9. The sgirgh of strength data decreases
from 126 MPa for the ASO (PS) to 103 MPa for thelA8S) and this corresponds
to a relative strength variabilit\6/c) decreasing from 0.38 down to 0.27. The most
interesting point regards the low strength taitted distribution in the case of the
AS-1 (PS) laminate, which is much steeper than rém@aining part of the data,
giving rise to a knee in the curve. The actualdrenthe AS-I (PS) data resembles
indeed the typical Weibull plot obtained after groesting [6,8] (Figure 2.3). To
account for the presence of such knee and to extiai residual strength scatter, it
is possible to observe that the shortest crackttenghich can grow in a stable
fashion, as discussed in the second chapter, izerot the actual value being a
function of the apparent fracture toughness culivéhe kinetics phenomena are
neglected, such crack size can be obtained frormtlesection of the applied stress
intensity factor curve corresponding to the maxinstrass at instability with the T-
curve. In this manner a minimum value of @8 can be estimated for the AS-I (PS)
laminate (Figure 4.33 and Table 4.8). The actuabeaof crack lengths in the

surface layer was estimated using Eq. (2.1) andsidering the minimum and
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maximum strength measured on the homogeneous ASQIdRminates (Table 4.9).

An interval of crack sizes between 26 and 52um was calculated using a fracture
toughness value of 2.9 MPa>ffor alumina (Table 4.5). Some of the defects are
therefore shorter than 28m and propagate at higher stresses than the maximum
applied stress estimated by design, producing #escsimilar to homogeneous
ceramic material. The designed stress, 276 MPal¢T4B), corresponds therefore
to the minimum value for the strength data, bemdged in a very good agreement

with the minimum strength measured by the experimérable 4.9).

Strength [MPa]
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Figure 4.38: Weibull plot for bending strength dateeasured on the pressureless
sintered engineered laminates AS-1 (PS), ASY-1 §a8)n the corresponding
alumina laminate. The calculated Weibull modulusl$® shown.

The ASY-l (PS) laminate possesses an average lgnsirength, a
coefficient of variation (COV) and a Weibull modsalaqual to 309 + 25 MPa, 8 and
15, respectively (Table 4.9). The corresponding dmeneous ASO (PS) laminate
presents a COV equal to 11% and a Weibull modulusleto 11 (Table 4.9). Also
in this case, the decrease of strength scattagigighted by the Weibull plots for
the laminates ASY-I (PS) and ASO (PS) shown in fégui38. The T-curve trend of
the ASY-I laminate is similar to the one exhibitegthe AS-1 (PS) laminate with a
low strength tail much steeper than the remainiang pf the data. This behaviour is
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related again to the shortest crack length, whigh grow in a stable fashion,
estimated as equal to 2in (Figure 4.34 and Table 4.8). The actual rangeradk
lengths in the surface layer was estimated as ¢qud-52um. Hence, some of the
defects could be shorter than @h and propagate at slight higher stresses than the
maximum applied stress estimated by design as equdaP0 MPa (Table 4.8).
Therefore, a certain scatter of strength data isf ldminate is expected while the
minimum strength (271 MPa) measured by the exparisn€Table 4.9) is quite in
good agreement with the designed stress.

The laminate AS-I (SPS) shows an average bendieggth equal to 328 +
49 MPa (Table 4.9), a minimum and maximum stressletp 251 MPa and 432
MPa, respectively, and a Weibull modulus equal td'8e laminate AS-1l (SPS)
exhibits an average bending strength equal to 383 MPa (Table 4.9), a minimum
and maximum stress equal to 286 MPa and 506 MBpgectvely, and a Weibull
modulus equal to 5. For comparison, the correspondiomogeneous alumina
laminate ASO (SPS) has an average bending strexgtéal to 311 + 50 MPa (Table
4.9), a minimum and maximum stress equal to 205 BiRR386 MPa, respectively,
and a Weibull modulus equal to 7. Despite the latkeliability increase of the
engineered laminates with respect to alumina, aeafable shift of the strength
data toward higher values is observed for AS-I (S&&l AS-1l (SPS) multilayers
(Table 4.9 and Figure 4.39). If one compares tlezame strength of the AS-I (SPS)
and AS-Il (SPS) laminates, 328 MPa and 373 respgtiwith the bending strength
(437 MPa and 528 MPa) predicted for these profileable 4.8), it is possible to
observe that there is not a good agreement. Theureh minimum and maximum
stresses of the laminate AS-I (SPS) are equal 1o\M#Ba and 432 MPa respectively,
and are included in the range 252-437 MPa arrabgebe threshold stress and the
design stress (Table 4.8 and Table 4.9). Analogotisé measured minimum and
maximum stresses of the laminate AS-Il (SPS) atmletp 286 MPa and 506 MPa
respectively, and are included in the range 248-8P& arranged by the threshold
stress and the design stress of this laminate €T4l@ and Table 4.9). No strength
data exceeding the maximum design stress was naehsor both laminates. In
addition, the Weibull plot of the AS-I (SPS) lantieaxhibited a low strength tail
much steeper than the remaining part of the dasédatt 251 MPa, pointing out the
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presence of a threshold stress which is in agreewigmthe calculated value of 252
MPa. In a similar way, the AS-II (SPS) laminatewhd a low strength tail at about
286 MPa which is in agreement with the calculatatue of 248 MPa. All these
results can be explained by the presence of inhelefiects of dimensions shorter
than the stability interval, included betwegr(tl um and 7.4um, for AS-1 (PS) and
AS-Il (PS) respectively) andc(30 um) that propagate in unstable fashion for
stresses betweesy, (252 MPa and 248 MPa, respectively) and(437 MPa and
528, respectively) due to their acceleration. Indéethe kinetics phenomena are
not neglected such cracks can growth up to a leggthter than (85 um and 70
um, respectively) leading to fracture for stressegelr than the design stress. The T-
curve can not be effective, in fact, to stop thendng cracks if they possess a finite
crack speed and they can overcome such barriewadr Istress levels than what
theoretically estimated. Since the minimum defeptad to 15um is longer than
(12 pm and 7.4um, respectively) no strength data higher than #sgh stress are
observed. Hence, the mechanical behaviour of theselaminates is in good
agreement with the calculated T-curves and estumatberent crack sizes, if

kinetics phenomena are considered.
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Figure 4.39 Weibull plot for bending strength dateasured on the thick spark
plasma sintered engineered laminates AS-I (SPS), &%S) and on the

corresponding alumina laminate. The calculated Wkimodulus is also shown.
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Analogous behaviour is expected for the thin spdakma sintered laminate
AS-11I (SPS) since the estimated flaws dimensiamspartially situated in the stable
growth range and partially in the range for unstgiropagation at stresses between
the threshold stress and the design stress, itiGn@henomena are considered
(Figure 4.37). In fact, the minimum defect, whidngropagate in a stable fashion
and the natural crack sizes were calculated indage as 11im and 16-66um,
respectively (Table 4.8). The average bending gtremeasured on the AS-IlI
(SPS) samples is equal to 327 + 30 MPa (Table 4rBj)s corresponds to a
coefficient of variation of 9%. For comparison, thending strength of the
homogeneous ASD(SPS) laminates is equal to 290 + 46 MPa (COV %)16The
range of strength data is shown in Table 4.9. & compares ASH (SPS) with AS-
Il (SPS) the scatter of strength data decreases fess than 200 MPa to about 100
MPa and the relative strength variability from Oddwn to 0.28. Weibull plots for
the AS-lIl (SPS) and ASH (SPS) laminates are shown in Figure 4.40 and the
Weibull modulus is presented in Table 4.9 beingatda 8 for the ASH (SPS)
laminate and 13 for the AS-IIl (SPS) laminate.
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Figure 4.40: Weibull plot for bending strength dateasured on the thin spark
plasma sintered engineered laminates AS-III (SiP8)am the corresponding

alumina laminate. The calculated Weibull moduluals® shown.
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Such difference represents an improvement in thehargcal reliability of

the material. Therefore, despite the presence fdctie smaller than the stability

range, most defects are supposed to undergo tte gjatwvth before the laminate

failure and increased reliability can be obsendedeed, the mechanical strength

trend of this laminate is again well explained by tlesign.

The differences between the actual and calculateshgth values can be

related to errors in the evaluation of layer thigkm or lamina properties, particularly

for the thermal expansion coefficient. This parané the actual driving force for

the development of a residual stress profile anekérts a direct influence on the
amplitude of the layer residual stresses. The ldlgmkness also influences the
bending strength, its effect being twofold: bothgsé residual stress amplitude and

depth of internal layers are function of the actiiétkness of the sintered laminas,

the apparent fracture toughness changing accoxdingl

Table 4.9: Number of strength data (N), averagersith 6,), coefficient of
variation (COV), minimumo(,y) and maximumoa(,,,) Stress, relative strength

variability (4o/0) and Weibull modulus (m) observed for the engiedéaminates

and the corresponding alumina laminates considénetis work.

N op [MPa] cov Oimin Omax Aolo m
[%] [MPa] [MPa]

Pressureless sintered laminates

ASO (PS) 30 276 =30 11 203 329 0.38 11
AS-I (PS) 27 324 +30 9 272 375 0.27 13
ASY-| (PS) 27 309 +25 8 271 364 025 15
Thick spark plasma sintered laminates

ASO (SPS) 20 311 £50 16 205 386 0.47 7
AS-1 (SPS) 17 328 £49 15 251 432 0.42 8
AS-1l (SPS) 12 373 £82 22 286 506 0.43 5
Thin spark plasma sintered laminates

AS(0" (SPS) 26 290 +46 16 186 373 050 8
AS-IIl (SPS) 26 327 £30 9 271 375 0.28 13
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4.6.5 Post-indentation strength

To investigate the effect of longer cracks and dgemeesistance on the
mechanical behaviour of laminates, Vickers indéonst were produced at different
loads as described in the third chapter. Spediah@dn was paid on the influence of
indentation load on strength and a discussion atheutiamage tolerance shown by

the engineered multilayers with respect to the hgeneous laminates was
presented.
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Figure 4.41: Post-indentation strength data as action of indentation load for the
pressureless sintered engineered laminates coreidarthis work and the

corresponding alumina laminates.

Figure 4.41 shows the average bending strength urezhson indented
samples for the AS-I (PS), ASY-I (PS) and ASO (R®)inates. As summarised in
Table 4.10, the strength of indented AS-I and AS&&inples remains constant for
different indentation loads, being equal to abo6 2MPa and 322 MPa,
respectively, whereas decreases in the case dfamegeneous ASO (PS) down to
134 MPa for indentations at 100 N. The unvarieéngjth trend observed for the
engineered laminates represents the ideal damdgeartb material, since the
mechanical behaviour is not influenced at all byeimtation, at least in the range of

defects produced by indentation up to 100 N. Theraye bending strength on
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indented samples is in optimum agreement with bwehdesign value, 276 MPa and
290 MPa respectively (Table 4.8). In addition, thessults can be considered as an
evidence of the presence of stable growth phenoroeoarring in the same crack
interval due to the presence of a T-curve behavibaiinvestigate further this topic,
1 sample of AS-I (PS) and ASY-I (PS) were broketerdfeing indented at 150 N.
Lower bending strength, as equal to 174 MPa and NP2, respectively, were
observed (Table 4.10). In this case, the crackslymed by indentation have
probably overcome the maximum depth of the stabdevth range, vanishing the

reinforcing effect of the compressive residualsrprofile.
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Figure 4.42: Post-indentation strength data as action of indentation load for the
thick spark plasma sintered engineered laminatektha corresponding alumina

laminates.

The bending strength obtained from indented samplethe AS-1 (SPS),
AS-1l (SPS) and ASO (SPS) laminates is shown irufeigt.42 and the numerical
results are presented in Table 4.10. Also in thestecases the mechanical resistance
of the engineered laminates, ~310 MPa and ~510 M&spectively, does not
depend on indentation load in the considered laage and this corresponds to an
ideal damage-tolerant material. The average bensliggth on indented samples
of the AS-1 (SPS) laminate is slightly lower thé&re tdesign values, 437 MPa, (Table
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4.8) but in really good agreement with the stresgtheasured on non-indented
samples, 328 MPa (Table 4.9). On the other hamda#erage bending strength on
indented samples of the AS-Il (SPS) laminate ilyéa good agreement with the
design values, 528 MPa (Table 4.8), being dramnibtitegher than the strengths
measured on non-indented samples, 373 MPa (Ta®)e pbinting out that deeper
cracks, introduced in the materials by indentationan undergo to stable
propagation as predicted by design.

The strength of indented samples of the AS-lIl (BRBd ASH' (SPS)
laminates as a function of the indentation loagressented in Figure 4.43. Also in
this case, the bending strength of the engineendtlayered laminate, ~350 MPa,
is not depending on indentation load, whereas titeegth of the homogeneous ASO
(SPS) laminate decreases with load down to 178 KPandentation at 100 N
(Table 4.10). In addition, the average bendingngfitt on indented samples is
slightly lower than the design value, 425 MPa, (€ab8) and in good agreement
with the strength measured on non-indented samp®sMPa, (Table 4.9).
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Figure 4.43: Post-indentation strength data as action of indentation load for the
thin spark plasma sintered engineered laminatesicened in this work and the

corresponding alumina laminates.
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The zero-slope behaviour is therefore shown bythal laminates, being

more evident for the AS-1I (SPS) multilayer, ané ttamage tolerance is confirmed

in the considered load range. Differences betwhencalculated strengths and the

strengths measured on indented samples can bededafain to errors in the

evaluation of layer thickness or lamina propertfest change the apparent fracture

toughness curve respect to the one calculateddditien, some cracks grew from

inherent flaws and not from indentation sites, by the measure of the

maximum design stress. Despite these observableratites between the post

indentation strengths and the design stressesmighanical behaviour of the

engineered laminates is well explained by the desiged in this work and the

related considerations.

Table 4.10: Post-indentation strength of the engiad multilayers and of the

corresponding alumina homogeneous laminates coresida this work.

Indentation loads ON 10N 30N 100 N 150 N
Pressureless sintered laminates

ASO (PS) 276 £+30 186+32 148 + 16 134 +18 -
AS-1 (PS) 324 +£30 276 £52 288 £ 47 264 £ 26 174
ASY-I (PS) 309 £25 305 £38 336 £39 325 +£44 192
Thick spark plasma sintered laminates

ASO (SPS) 311 +£50 278 £20 228 +£31 177 £23 -
AS-1 (SPS) 328 £+49 302 +20 317 +66 316 +36 -
AS-II (SPS) 373 £82 - 523 501 -
Thin spark plasma sintered laminates

AS0" (SPS) 290 +46 284 +35 248 +49 178 +14 -
AS-1ll (SPS) 327 £30 352 £32 355 =5 340 £20 -
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4.6.6  Stable growth: expectations and experimental evides

In addition to the improvement of the damage rasist, the presence of
stable growth phenomena is also expected for raddepresenting a T-curve
behaviour. In order to look for confirmations oktexistence of a range of stable
crack growth in the optimised laminates, a fracipdic analysis was performed on
some broken samples of all the laminates considartds work.

In the homogeneous samples the typical fractureomivas always present,
its size increasing when strength decreases asctexbby the larger size of the
critical flaw (Figure 4.44). Conversely, the engired multilayered laminates
showed different and specific features on the fnacsurface either in the case of
indented and non-indented samples. Figure 4.45-ande 4.46 present the fracture
surfaces observed in the case of the engineereddtes. A special feature can be
observed in all the pictures: a smooth flat narregion extending from edge-to-
edge (through-thickness geometry) is present jaseéath the tensile surface (top),
while the reinitiating crack fracture mirror staftelow this rectangular area. In
particular, the AS-1 (SPS) and AS-Il (SPS) lamisagehibit this feature, evidence
of surface cracks stable growth, only at highed$pastarting from about 300 MPa
and 490 MPa, respectively. In the case of the AJathinate, stable growth has
been observed to occur at all the observed strength

Figure 4.47 shows a SEM image of a section ofthetdre surface of a AS-
Il (SPS) sample where the smooth region under témsile surface is clearly
evident. The maximum depth of stable growth of disf@ointed out by the dashed
line is in good agreement with the design value (8%. The lack of a fracture
mirror starting from the external surface, combinéth the presence of a through-
thickness arrest mark in correspondence of a sblamge of surface roughness
suggest that stable growth phenomena actually aodhe engineered laminates.

In addition, the inner depth of the flat region ctédsed above is quite similar
to the point which defines the maximum depth oblta@yrowth expected by design.
What actually seems to happen is that the critmalck follows a two stage

propagation: a first stage with a moderately loeespoccurs up to a certain depth.
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() ASOD(PS)

Figure 4.44: Fracture surfaces of homogeneous atansamples. Typical fracture
surface of ceramic materials with fracture mirrandicated by arrow) in

correspondence of the tensile surface (T) is oladsdev
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(2) AS-1(PS) (b) ASY-I (PS)

Z mim
P —

Figure 4.45: Fracture surfaces of engineered lar@sasamples. A smooth narrow
region with a through thickness geometry is pregesttbeneath the tensile surface
(indicated by T). Reinitiating crack fracture mirris indicated by arrow.
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(2) AS-I(PS) (h) ASY-I(PS)

1 mm

(c) AS-1(SPS) () AS-II(SPS)

500 pm

(¢) AS-III (SPS)

". -
R

500 pm

Figure 4.46: Particular of fracture surfaces of éngered laminates samples. A
smooth narrow region with a through thickness geoyrie present just beneath the
tensile surface (indicated by T).
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On a second time, when critical condition for ublgropagation is reached, crack
restarts leaving a fracture surface similar to wihiserved in the case of
homogeneous samples broken at high loads whidhifted toward the inner part of

the laminate.

In conclusion, in addition to a high damage resistsand a reduced strength
scatters stable growth phenomena for surface crae&m to occur in the depth
range corresponding to what expected by the trehdhe apparent fracture
toughness estimated by design. This was verifiedeeifor natural flaws and
indentation cracks and a T-curve behaviour forapgmised multilayered laminates
can be advanced accordingly.

1akLl

Figure 4.47: SEM micrograph showing a particulartbé fracture surface of a AS-
Il (SPS) sample. The maximum depth of stable quaggagation is highlighted by
the dashed line. The surface in tension is markiéd T
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Conclusion and future perspectives

In the present work two routes to prepare layeftedctires with strong
interfaces in the system A,/SiC have been shown. A processing method, which
utilizes conventional techniques like tape castitggnination and pressureless
sintering has been developed for fabricatingOSiC laminates with SiC content
up to 20 vol%, also by using yttria as sintering.arhe weight loss generally
observed in pressureless sintering these compos#dssminimized by optimizing
the sintering conditions and by using a 50 mol%40AISiC powder bed. In addition,
Spark Plasma Sintering of tape casted compositené@mhas been used as
innovative sintering technology to produce fullynde and thin AlD,/SiC laminates
with SiC load up to 30 vol%.

By modifying the composition and the architectufeAb,O4/SiC composite
laminae, five engineered multilayers charactertzgdhilored residual stress profiles
have been produced by pressureless sintering ork Splasma Sintering. The
engineered laminates have been designed and fadtita support bending loads
and to promote the propagation of surface defeces stable manner thanks to a T-
curve behaviour. The results of the mechanical atiarization of the engineered
laminates compared to the behaviour of simple ha@negus materials, proved that
the arising of residual stresses influences thdilaygrs fracture resistance. Indeed,
the engineered laminates are stronger than paremblithic alumina and are
characterized by a minimum mechanical resistandesarface damage insensitivity,
also when macroscopic cracks are introduced by ériclkndentations at loads as
high as 100 N. Some laminates exhibit reducedescattd higher Weibull modulus,
which implies superior reliability.

Examination of fractographic features in the engied laminates showed a
constant depth smooth area just beneath the tengilace which can be attributed
to the stable growth of surface cracks within theface layers in residual
compressive stress. Such peculiar crack propagatiorrelated to the laminate
architecture, could be associated to the mechap&rbrmances of the engineered

laminates and is responsible for the observed darnwgrance.
149



The results of this study are likely to find praati applications in the field
of mechanical behaviour of advanced ceramic comgmsiAmong the future
perspectives originated by this work, one pointasons with the tailoring of proper
laminates architectures able to force most of iahiesurface flaws to stable growth.
A future challenge could be the study of rupturkawéour of these materials at high
temperatures. The production of components of cermphape as shells or tubes,
with such microstructural architecture could beatwestigated.
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Appendix: Code of the numerical algorithm

The code of the numerical algorithm implementedviathematic® and
used in this work is listed in the present Appendixe code regards the estimation
of the T-curve produced by a given step-wise residtress profile for a sharp edge
crack under bending loading and the calculatiorthef maximum and threshold
stress for stable crack propagation. To make tastification of variables and flags
meaning easier, the instructions list is reportecelwith the input numerical values
used in this work for the AS-IIl (SPS) T-curve. &xare toughness, stress and length
dimensions are reported in MP&#1MPa andum, respectively.

T-CURVE BY STEP-WISE RESIDUAL STRESS PROFILE

LAMINATE IMPUT DATA
layer=5
KIC={3.0,3.3,3.3,3.3,3.0}
EMod={398,394,366,394,398}
NuMod={0.23,0.224,0.217,0.224,0.23}
alpha={8.8,8.45,8.03,8.45,8.8}
laythick={30,25,30,25,525}
DeltaT=-1175

YFac=1.12147
depth={0,0,0,0,0}

lasttens=1

mostcomp=3

delta={0,0,0,0,0}

STRESS PROFILE CALCULATION
EModStar=EMod/(1-NuMod)

i=1;While[i<layer+1,
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depth=ReplacePart[depth, Sum[Extract[laythick kJi{i}],i];i++]
depth
EModStar*laythick*alpha
EModStar*laythick
i=1;While[i<layer+1,
alphaAvNom=Sum|[Extract{EModStar*laythick*alpha#, 1,i}];i++]
i=1;While[i<layer+1,alphaAvDen=Sum[Extract|EModStaythick,k],{k,1,i}];i++]
alphaAv=alphaAvNom/alphaAvDen
stress=EModStar*1000*(alphaAv-alpha)*10”*-6*DeltaT
depth=Prepend[depth,0]
stress=Prepend][stress,0]
d2=depth”™0.5

T-CURVE CALCULATION
i=1;While[
i<layer+1,{delta=
ReplacePart[delta,Extract[stress,i+1]-Ex{sdatss,i],i]};i++]
delta
M=IdentityMatrix[layer]
i=1;While[
i<layer+1,{M=
ReplacePart[M,
2*YFac*(x/Pi)~0.5/1000*
Extract[delta,i]*(Pi/2-ArcSin[Extract[d&mi]/X]),i];
Print[Extract[M,i]]};i++]
M2=M
i=1;While[i<layer+1,M2=ReplacePart{M2,Sum[Extract[kfi{k,1,i}],i];i++]
X=g"2
M2
apparentK=Table[{0,0}, {j,0,Extract[d2,layer+1]*10}
i=1
k=1
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w=0.1;While[
w<Extract[d2,layer+1] {Iffw>Extract[d2,i+1],i=i+}tg=w;
apparentK=ReplacePart[apparentK {w,Extract[ KIS Extract[M2,i]]},K];
Print[Extract[apparentK K]];k=k+1};w=w+0.1]
Clear[g]

MAXIMUM STRESS CALCULATION
g=Extract[d2,mostcomp+1]
Kmax=Max[{Extract[KIC,mostcomp]-Extract{M2,mostcofp
Extract[KIC,mostcomp+1]-Extract{M2,mostcompi1l
stressmaxapprox=Kmax/(YFac*Pi*0.5*g)*1000
stressmaxtrue=FindRoot[YFac*Pi*0.5*s/1000*g-
Kmax\[Equal]0,{s,stressmaxapprox}]

THRESHOLD STRESS CALCULATION
g=Extract[d2,lasttens+1]
Kmin=Min[{Extract[KIC,lasttens]-Extract[M2,lasttefs
Extract[KIC,lasttens+1]-Extract[M2,lasttengf 1
stressminapprox=Kmin/(YFac*Pi*0.5*g)*1000
stressmintrue=FindRoot[YFac*Pi*0.5*s/1000*g-
Kmin\[Equal]O0,{s,stressminapprox}]

Clear[g]

PRINT CORRESPONDING APPLIED STRESS INTENSITY FACTOR
appliedKmax=N[YFac*Pi*0.5*s/1000*g/.stressmaxtrue]

Clear[s]

appliedKmin=N[YFac*Pi*0.5*s/1000*g/.stressmintrue]

PRINT MAXIMUM AND THRESHOLD STRESS VALUES
stressmaxtrue

stressmintrue
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GRAPHICS
<<"Graphics'FilledPlot™
p=IldentityMatrix[layer]
i=1;While[i<layer+1,
p=ReplacePart[p,
FilledPlot]
Evaluate[Extract[KIC,i]-Extract[M2,i]],{g,Eract[d2,i],
Extract[d2,i+1]},PlotRange->{0,25},Fil[fRule]{GrayLevel[.8]},
Curves\[Rule]Front,DisplayFunction->ldentit
PlotStyle \[Rule]Hue[0.6]],i];i++]
p=Append[p,
Plot[appliedKmax,{g,0,Max[d2]},DisplayFunctidiRule]ldentity,
PlotStyle\[Rule]Hue[1.0]]]
p=Append[p,
Plot[appliedKmin,{g,0,Max[d2]},DisplayFunctiofRule]ldentity,
PlotStyle\[Rule]Hue[1.0]]]
Showlp,DisplayFunction\[Rule]$DisplayFunction,Grides\[Rule]Automatic,
Background\[Rule]GrayLevel[0.85]]
p2=IdentityMatrix[layer]
i=1;While[i<layer+1,
p2=ReplacePart[p2,
FilledPlot]
Evaluate[Extract[stress,i+1]],{g,Extractjd Extract[d2,i+1]},
PlotRange\[Rule[{Min[stress]*1.5,-Min[strg%1.5},
DisplayFunction\[Rule]ldentity,
PlotStyle\[Rule]{Hue[0.6],Dashing[{0.01,A.8},i];i++]
Show[p2,DisplayFunction\[Rule]$DisplayFunction,Grides\[Rule]Automatic,
Background\[Rule]GrayLevel[0.85],AxesOrigin\[Ri{e, Min[stress]*1.5}]
Clear[g,X,i]
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