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Chapter 1
Aim of the work

The work of this PhD thesis is focused on the processing and characterisation/8fZti&sed
multilayer materials, mduced by tape casting and sintered without pressure assistance, for
aerospace applications.
Great part of this research work was carried out in the context of an European project
SMARTEES Multifunctional component for aggressive environment in spaceicapphs
funded within the % Framework Programme and it targets on the creation of new
multifunctional materials.
In fact the aim of this proposal was the development of composite structure to be used for
applications in aggressive environments suchasparts of reusable space vehicles for orbital
re-entry. The TPS shoulgrotect a vehicle with selected APOLL§pe shape: it consisted of
blunt body with two main area of interest, the front shield and the back one, submitted to
different temperature nge and thermal loads.
This multifunctional component is organized at three levels as simokigure 1.1:

SiC or SiC-ZrB,

Multilayer
C{SiC . - Brazed-joint

SiSiC Foam
C/SiC : . Brazed joint

=
Q
©
s
©
-+
w
=
©
+
()]
=

Figure 1.1 Scheme of multifunctional thermal protection system developed in the context of SMARTEES
(Courtesyofi Ai r bus Defence and Space GmbHO

A 1st Level: The external part of the thern
multilayer based on ZiBSiC system.

A 2nd Level: it -BiG foame& M sarddwich staudtureavhe@ihv@ntional

ceramic matrix compositewith structral or insulating properties were combined to novel
porous structure such as SiC foalie to grant additional thermal insulation.

A 3thLevel: Aff whieh eohsistedcin & nhoalodzkaring support which is

mechanically attached to the spachigte.



These component involved the development of joints which have to be suitable for the different
above mentioned materials and able to withstand oxidative and high temperature conditions.
Because of th design of this TPS incorporatimpmponents wit very different properties, a
material modelling and FEM simulation have been used in order to predict the interaction among
elements: a computed tomography technique was used in order to obtain a real model of each
part of the system. Both thermal andaim@nical characterisation of the different component part
was carrieebut over different temperature ranges: this can help to obtain an accurate and
realistic simulation of the insulation capability of the system. After the assembly of all
components, théechnology sample was tested in a relevant ground facility simulating the re
entry conditions with the aim to define the fundamental performance and the degradation

mechanisms.

This thesis was inserted in the workpackage relative to the developmesraofic laminates
based on high temperature ceramics (HTCs) and ultrahigh temperature ceramics (UHTCs) with
tailored properties. The multilayeomponentsvere the external part of TPS directly facing the
atmosphere so, in order to withstand high tempezathigh heat fluxes and oxidizing
environment, they have to show gooxidation and thermal shock resistance, high emissivity,
thermal management capability, suitafifieength, stiffness and hardness.
The development of materials was directed along thee ooncepts:
- SiC based multilayer systemawdeveloped for the back shield part of theergry
vehicle which was moderately load&IC is one of the most used material for this kind
of applicationsthanks to the formation of a passive silica layer ensiirface which
prevented a further oxygen penetration up@0QEC. At higher temperature tmeelting
of the silicaand the mechanism of active oxidation limited the use of this ceramic
compound.
- ZrB,/SiC composite multilayers showing different Zr8iC ratio were mainly designed
for the front shield where the operating condition should be more severe (that means both
higher temperature anddmal loads respect to thosepekted for the back shield).
Among UHTGs, ZrB; shows arunique set of properties wdii make it a good candidate
for application at very high temperature; the addition of SiC helped to overcome some of
ZrB; limitations such its poosinterability, its oxidation resistance and moreover the
mechanical properties of the composite mateesllted enhanced.
- In the context of development of reusable TPS to be used for consecutive missions,

hybrid multilayer with ZrB/SiC composite layers in between SiC ones have been
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prepared: the aim was provide for the degradation of SiG/Si@rnal parinseting an
underlying material showing good mechanical and thermal properties at the higher
temperature (over 1700°C).

In the present thesis will be detailed the work of processing and characterization performed on

these three different classes of lan@sa

Conclusively results of emissivity and-eatry tests conducted on the entire TPS assembly, so

always involving the external multilayer part, were reported and discussed.

11



Chapter 2
Thermal Protection system for reentry vehicles

From the beginningf the space program, engineers have invested many energies and efforts in
studying the mechanisms involved during launch anentey; this last has been always
considered the most problematic one.

A space vehicle which enters Earth atmosphere afteryparsonic flight requires a Thermal
Protection System (TPS) able to protect and insulate the body from the severe heating
conditions: this phase results hard both for the crew which undergoes more or less strong
deceleration in function of the-entry trgectories and for the vehicle itself that is subnditte

intense heat fluxes resulting franiction between the structure and the air

2.1 Physics of Reentry

The main differences between a conventional and-enty flight is the very high velocity
involved during the landing phase (for hypersonic mission it ranges between 8 and 11 km/sec)
and cosejuently all the linked factors such as air friction, temperature and heat flinxes;
addition the atmosphere rarefaction (it can decrease from 1 bar atathevsl to 16 bar at 100

Km altitude) is to be considered.

The investigation on the body motion from space to Earth and then the problems linked to it
involves the study of which forces affect theaatry phaseRigure 2.): theforce of gravityis a

well known natural force by which the Earth, such as others massively large object, attracts

another object towards itself.

Fother
Y Io\cal
Z horizontal
b F

T
"

Figure 2.1 Significant forces on a rentry vehicle

Lift is a force produced at a right angle to the direction of motion as & oésul moving over

the surface of an object. Il n t hife exanple the x t
12

t



airplaneswingisbl e t o generate enough | ift force
into the air.

Drag is, among the reportearice, the dominant one is a type of frictional force that resists
motion through the atmosphere; it acts to oppose the motion of an @ject

The drag force depends on the air density and in addition to the vehicle ipopech as its size

(crosssectional area exposed to the wind), its drag coefficient and its rate.

O -0 0 B D (Eq 2.1)
where Rragis drag force on a vehicle (N),is the atmospheric density (kghn, V is the
velocity (m/s), G is the drag coefficierandA i s v e h isectlormltaea (Bir 0 s s

Knowing the mass of vehicle atite drag force acting on it, according to the Newton's Second
Law, it is possible to determine its acceleration. In the case@tmgthe drag force pushes the

object toward the rear respect to enters, so the acceleration can be called deceleration and can be

expressed as following:
G -0 3 2 (Eq. 2.2)
Where m is the mass of the vehicle (Kg).

The quantity G-A/m defines an object mawy through the atmosphere. By convention, inverse

of this term is called the ballistic coefficieft,

For low b value the heating and deceleration are less intense and the object slowsaidwn
quicker than an object with highbr

During the reentry phase from a space mission three requirements have to be balanced:

deceleration, heatingnd accuracy of landing.).

The vehicle structure and payload limit the maximum deceleratiah & space vehicle can
undergoduring reentry: it must be low enough to prevent damage to the weakest part of the
vehicle.

Othersvery important fact@to consider in order to design the trajectories and the vehicle are
the heat fluxes and the temperature developed duragtrg.

The Space Shuttle orbit had , for example, a mass of 100000 kg, an orbital velocity of 7700
m/s andan altitude of 300 km, so it hdmbth a kinetic energy due to its speed and a potential
energy due to its altitudBefore landing this energg converted in heat; you must linas much

as possible that thigreatheat flux is absorbed to the vehiclestead of biag dispersed in the

surrounding atmosphere. During theerent r'y t he Shut t | esdtempesatures ac e s

up to 1500° C.

13
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The heat flux on the vehicle bow can be define(Ras

n 0= " (Eq. 2.4)

where q is the heat flux (W/n k is a constargqual to 1.15-19, V is the vehicle velocity, R is

the radius of curvature andhe atmosphere density.

The typical heat flux values have magnitude order §f\Wdm? which correspond a range of
temperature to 200R500K.

There are only few class of materials which can withstand a so high heat flux and terapera
most of existing compoundaselt or vaporizen these severe conditions.

In this context a blunt bodyak the proper shape able to dissipate the heat thank to its large

radius of curvatureRigure 2.2.

Figure 2.2 Effect of radius of curvature of the vehicle bow.

The third factor is the accuracy: for a safe landing the space vehicle must plan to hit the
a mosphere at the precise -amtgrly @nrdr ispered ti nr
vehicle must pass to avoid skipping out or burning up. The size of this-dimeasional

corridor also depend on the other two factor previously reported. dMerehe accuy is

function on the width of area for landing.

According to all these considerations, in order to establish the correct trajectory for the space
vehicle and to keep it intact after landing, it is necessary to try a good equilibrium between
deceleration, heating and acccya

With this aim the investigation on the main motion eérdry structure is investigated

2.2 Atmospheric Re-entry motion

There are two main fentry modes on the base of which the choice of proper TPS i{tadle
Ballistic type entrythe vehicle crosses all the atmosphere layers with a very high velocity; this
causs an high kinetic energy dissipation in form of heat and consequently high heat fluxes are
produced. For missiowhich involves this kind of rentry, an ablative material is used in order

14



to protect the vehicle to extreme conditions along a short time: the surface material can melt or
vaporize trasferring most of its heat to the surrounding atmosphere.

The frstmaned ballistic entry was in February 19
AFri endshi papsdle Figde 2.8 epogg¢dh e A Fri endship 70 Merc

trajectories entry in term of velocity, entry time andederation.

25000 450 12
| — 400 0
= 20000 - 350 -
3 $ 200 28 /\
g 15000 / 2 250 ‘_E . \
$ 10000 E. fgz L; \
- “ 100 ° /
50 z
0 0 0
0 100 200 300 0 100 200 300 0 100 200 300
Altitude (ft) Altitude (ft) Altitude (ft)
A) Velocity B) Entry time C) Deceleration

Figure 2.3Ballistic entry: A) velocity, B) entry time and C) deceleration profiles

Colonel Glenn was subjected to a very high deceleration g load (higher than 8) for a not
negligible time period of about 30 seconds. After experience like this there was born the
neessity to develop a lifting entry for manned space flight with reduced sustained g loading over
a long time period.

Lifting type entry the established trajectory is long allowing a more conventional landing. The
entry time is longer than the ballistic gntthis means that the kinetic energy conversion in to
heat flux results lower.

The most epresentative design parameters for lifting entry is theédiirag ratio:

L/D = Lift/Drag = G./Cp

Where Q is the Lift coefficient and gid the Drag coefficient.

Low values of L/D produce moderate g loads, moderate levels of heating; on the other hand
high values of L/D generate very low g loads, but entry is much more longer and have
continuous heating.

For example the entry of Space Shuttle corresponded &dlll@ around one with an entry time

of 25 minutes: even if the maximum temperatures of a lifting entry are lower than the
corresponding ones for ballistic entry, the total heat load that must be absorbed during the entry
phase results higher.

ManeuverableRe-entry Vehicle (MaRV) flies a lifting entry trajectory in order to avoid

interception by defensive systems.
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Figure 2.4shows the MaRV trajectories compared to the ballistic ones: the entry time is
increased from about 85 seconds for pure ballistic @atBp2 seconds for lifting one; moreover

a substantial reduction in deceleration g loads can be observed respect to the ballistic trajectory.
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Figure 2.4MaRYV Lifting entry: A) velocity, B) entry time andC) deceleration profiles.

2.3 Thermal protection systems

On the base of the 4entry type previously described and the involved conditions in both of
them, the thermal protection system can be divided in two main classes:

Ablative TPS support high heat loads and heating rates through phase changeassndsses

(4): this kind of materialsrreable to protect th underlying structure by absdign or dissipation

of heat produced after melting, decomposition, sublimation or erosion. The ablative TPS are
consequently consumexhd have to be replaced or restored after using.

Ablative materials have been the conventional approach to TPS used for over 40 years in a broad
range of applications such as for all NASA planetary entry probes.

They represent an efficient solution toofact the vehicle and are generally cheaper than the
reusable TPSs.

An ablator should have an high melting/sublimation point, high specific heat and latent heat of
meltinghaporization, low thermal conductivignd good strength in order to withstand vilimg

and aeodynamic solicitdons.

Ablative thermal shield generally consists of an external part with more strictly ablative function
sothatit undergoes decomposition duringeetry and an inner part with insulating capability; it
notsuffers or only partally suffersthermal decompason.

Their total thickness is estimated on the base of the supposed heat fluxes and temperature which
the vehicle hato withstarml.

Most ablative TPS materials are made of reinforced composites employing organicasesins
binders. When raded, the resin pyrolysiproducing gaseous products (mainly hydrocarbons)
that percolate toward the heated surface and are then injected into the bdayela(¥Figure

2.5). In addition a carbonaceous residual is produced which temosithe reinforcement
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(AChar 0o i s uresltng sudacedhaterialp Bause of this gas percolation, there is

a transfer of energy from the solid to the gases whichsaiter boundary layer properties,
typically resulting in a reduction @bnvective heating.

Furthermore, chemical reactions between the surface material and boundary layer species can
result in consumption of the surface material leading to surface recession: those reactions can be
both endothermic (vaporization, sublimatioor) exothermic (oxidation) and will have an not
negligible impact on net surface energy.

free stream

chemical species

i boundary layer
radiation diffusion S ry lay
- | or shock layer

convective .
flux reaction
products mechanical

erosion

radiation
flux out

melt

ﬂoV
| porous char

pyrolysis zone

pyrolysis
gases

virgin material

backup material

Figure 2.5Heat exchanges involved in ablative material.

This is only oneof the processes which involibe ablative TPS during +entry, Figure 2.5
shows othersexamples:

1 Quickincrease ofurface temperature
Phase trasformation due to melting, evaporation, sublimation and degradation
Heat conduction to the material layers under the surface
Production and emission of volatile substances
Gas heating alosptionafter percolating toward the surface

Formation and convection of a liquid phase

= =4 4 4 -4 -

Endo/exothermic chemical reactions

1 Outwards radiation
The interaction of ablative TPS materials with the surrounding environmental gases is much
more complex respect to theusable TPS, because there are many more mechanisms to
accommodate the entry heating.
Ablative thermal protection system can be classified in three group on the base of ablation

mechanism: subliming/melting, charring and intumescent.
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The subliming one coltgs heat upandthe surface temperature reashthe melting/sublimation

point. Oneof the most subliming materias IPTEF (Teflon) which presents low density, god
insulating capability and decomposition temperature ar&o0°C.

In the charring materialshe thermal decomposition produces carbonaceous residual and volatile
gases. They can withstand relative high heat fluxes and for this ridesoare the most used
ones, often in combination to the other two types.

Epoxy, Silicon and phenolicesin arelie most diffused charring ablative.

The intumescent type is not usually dger re-entry application beause of their high density

and significant dimension changes during their decomposition; on the contrary respect to the
charring, the decompad®n mechanism results quite different starting to be mainly lexmhic.
ReusableT PS ar e materials which donotrin meciaricalgo si
properties after exposure to the entry environment.

The main characteristics of this kind of TB& shown in Figure 2.6: radiativend convective
heating results in a significant amount of energy beirgdeated from the heated surface with

the remainder conducted into the TPS material.
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Figure 2.6 Heatexchanges involved in reusable material.

It is advantageous if, as often hapgesurface coating has high emissivity (just in order to
maximize the amount of nadiatedenergy) and low surface cataly$te minimize convective
heating by suppressing recombination of dissociated boundary lpgeres at the heated
surface).

The first manned space vehicles such as Mercury, Gemini and Apollo were not masleuvera
and the entry was ballistic.n€se lenticulashape space capsules were protedbgda thermal

barrier consisting of phenolic epoxysigs in a nickelalloy honeycombmatrix the capsule. ér
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the entry they slowed down their velocity by using a parachute and then landed in the ocean;
meanwhile the astronaut jumped from ejector seat.

Researchers found that the heat shield was designebléde, so the external layer was
sacrificial in order to protect the underlying structure lay®&8SA Ames Research Center,
1994).

In spite of several advantages offered by this kind of TPS, the disadvantages were more
important: first of all the degratdan of TPS during landing changed the vehicle aerodynamic
shape, then they had a higher density and could lssonégefor one mission.

In 1972 USA charged NASA and the Space Division of Rockwell International to design the first
Space Shuttle orbiter,adumbia. Columbia was a revolutionary new space vehicle for mainly
two reasons: it would fly back to Earth instead of plummeting into the ocean and moreover it
was reusable, withreexpected design life of 100 missions. So the Space Shuttle orbitedzeed

new type of TPS which was lightweight and could survive masgntey.

Many efforts and resources have been invested in the development of this new idea of TPS:
reusable launch vehicles shamany advantages in comparison to the ablative system: they are
able to protect the vehicle to higher heat fluxes withstanding extreme conditions without
substantial degradation and moreover allow to reduce the payload transportation costs.

There are several approaches to acréeBg® on an hypersonic vehicles: thestfione is an
insulated structures such as those used on the Space Shuttle Orbiter. The second one is the
standoff TPS approach as used on thg@3Xfor these structures an internal insulation below the

outer surface is us€8).

2.4 Insulated structure s

Because othey areplaced on the external past a vehicle and directly attached to the cold
structure they defines its aerodynamiand transfer the adomads to it. "here are mainly two
types ofinsulators the blanket anthe tiles. Both of them presented low dgnand low thermal
conductivity.

The blankets shownsulatingcapability and similar thermal expansion coefficient respect to the
undelying structure, so they can be Bgpgoint to the vehicle structure in shdnne e avoiding

high installation costs. On the other hand the tiles stiffen the underlying structure, so it can
withstand higher loads, but they need an insulator |&yesre isusuallya strain isolation pad

(SIP) required between the tilaad aluminum structure due to the different thermal expansion

of the two materials.
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The classes of materials which satisfy the properties required for a TRP&arted in Figure
2.7.

RCC HRSI LRSI AFSI FRSI
Figure 2.7 Avaible Thermal Protection System for different parts of vehicle.

2.4.1 RCC i Reinforced Carbon-Carbon
Reinforced Carboi€arbon (RCC) is used for leading edges, nose cones, or any other areas
where thermal (up to 1260°C) and mechanical loads are high.
The importance of RCC is due to some very interesting properties:tiiggimal shock and
ablation resistance, chemical inertness in aggressive environments and goodgpedammot
oxidising environment over 1500°C. The main disadvantages include the processing costs which
are quite high due to the long time at high terapee required for its thermal treatment and to
the Carbon filres high cost too.
Moreover RCC has an high thermal conductivity, which requires the use of excessive surface
insulation to protect the adjacent metallic attachments from exceeding templaratare
The RCC mechanical properties depend on different factors such as the preform design, the
selected type ofarbon filres, the matrix nature and the processing methbdnKs to the high
fibres strenth and stifness and the low density of bothre and matrix this material shows
very good mechanical properties that resulted comparable to those of high performance metals or
Titanium alloy.
It is possible to improve the mechanical properties of RCC by varying ttes bhientation: the
poor sheastress on a plane or among them is mainly due to the tendency of the matrix to crack
and produce pores during the graphitization process. Orienting the fibres along the thickness and
with angles of +45° ané45° respect to the main composite direction, gshear stress results

enhanced.
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The main limit of RCC is the oxidation at temperature above 450°C; a possible way to overcome
this problem is put a ceramic coating on its surface in order to protect RCC @xybgen

penetration.

2.4.2HRSI tiles i High-Temperature Reusable Surface Insulation titles
The HRSI tiles are treated with a special klpgment coating to maximizenessivity
(observed value higher than 0.85) and are used in areas such as the underside of the orbiter,
where maximum heat dissipatias required during rentry. They are made of low density and
highly pure (99.8%) silica files which are produced into rigid billets by ceramic slurry, formed
through a mould up to obtaining a soft and porous block which is subsequently machined to the
desired specifications. Once these tiles have been machined, they are coated with Reaction Cured
Glass (RCG) with the addition of a black pigments. The coated tile is then fired in a kiln at
1200°C where the coating forms a glossy and waterproof extesmal |
Generally the thickness of HRSI is in the range 224 mm in function of the required
maximum heat flux :usually they resulted thicker on the bow respect to anterior part.
To have an idea of their shock resistance you can image to heating theilelR§Ito 126°C
and rapidly quench in wateany damage should be observed. In fact the surface can dissipate
heat very quikly respect to the inner part.
The main limit of HRSI is its poor capability to sustain the standard strain at which the airfram
is subjected due to4service loading, thermal expansion or acoustic excitation. Therefore, HRSI
are joint to the vehseall &t iboyn aP asdc onadelHdrdPd ) i S
Nomex® (felt based on Aramid fibres) which isolate the tile frolme or bi t er 6s
deflections. The installation process is quite tedious: the tiles are firstly bonded to the SIP using a
very thin and uniform layer of Room Temperature Vulcanizing (R$\gon adhesive and then
the tile/SIP assembly is bonded ttee airframe by the same RTV process. Because of tiles
contraction or expansion (even if very small) care must be taken during the installing/replacing
operation in order to maintain a small gaps between the tiles and meanwhile prevdat tile

contact.

2.4.3 LRSI titles - Low-Temperature Reusable Surface Insulation titles
LRSI have similar function respect to HRSI and are made from the same basic materials, but
they are treated with a special whitiggment coating (instead of black one) in order to mazeémi
thermal reflectivity. LRSI are in fact used in areas such as the anterior, central and posterior parts
of fuselage and in the vertical part of the tile wing where heat reflection is deRiesk tiles

mustsustaintemperature up to 650°C.
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2.4.4FRCI titlesi Fibrous Refractory Composite Insulation titles
FRCI tiles are a higher strength, lower density version of HRSI tiles.
This type of tiles are made using Nexktekith AB312 fibres (alumingborosilicate based frbs)
addedto the silica slurry durig the billet forming process (the same described earlier for HRSI).
During the sintering Nextel activates the meltind3ofon welding pure silica fites; the result is
a composite material made of 20% of Nextel and 80% of pure silica.
Nextek has a coef€ient of thermal expansion approximately ten times greater than silica;
therefore, when the billet cools after its initial formation, the Nextibires add strength to the
tile obtaining a tensile strength value three times greater than HRSI onenasmkrating

temperature 50 degrees higher than HRSI.

2.4.5AFRSI i Advanced Flexible Reusable Surface Insulation
AFRSI blankets replaced the LRSI tiles on the Discovery and Atlantis Space Shuttles; they are
made up of a layer of lowensity fibrous silica bding inseted between an external layer
showing high temperature resistance and an inner layer madeassy ditres wih low
temperature resistancd.he t hree | ayers are then sewn to
blankets are cut according to the dedirshapes and joint to the vehicleusture by RTV
process.
The major advantages of AFRSI over LRSI are that former is more easily moukd the
exterior contour of the vehicle, decreasing installation cost and time; moreover it provides a
reduction inweight because the use of SIPs is no longer necessary and it is more easily

manufactured and more durable.

2.4.6 FRSIT Felt Reusable Surface Insulation
FRSI blankets are made from Nomex®, the same material as the SIPs; their thickness is
generally rangetietween 4 and 10mm, in function of the expected thermal |03&ey. are used
in areas with expected temperatures up to 65
surface is covered with FRSI.

2.5 Stand-off TPS with internal insulation

The stad-off TPS approach is usually used on a cold or warm structures where the temperature
reach 1000°C. An example is-33 vehicle: the TPS panels were attached to stéinldrackets
to create the desired aeshbell. The critical challenge with this approasho transfer the aero

loads, but not the thermal loads, to the structure.
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For hypersonic vehicles there is the need for higher temperature TPS such as CMC TPS showed

in Figure 2.8.

CMC panel CMC Attachments
|

¥

ation

Insulation

Figure 2.8 TPS based on«SiC (Keramafi) CMC shield(6)

An external CMC panel with oxidation protection forms the aeroshell and the-cfftan@&S

includes an internal insulation. The insulation is placed in order to lower down the temperature

to 100200°C at the underlying cold metallic structuies€lage of the space vehicle); materials

which can be used as insulators are:

)l

Fibrous ceramics (Saffil silica and silica/alumina felt) encapsulated with a Nextel
(alumina fibre fabrig 3M) bag

Flat composites plates of Nextel inserted in a matrix of alaror mullite and processed

by slurry infiltration , drying and sintering

Carbon foams prepared starting from slurriesCafbon powder and spheres of low

melting material (leaving cells of the foam)

High temperature seals and an attachment are usatatth this external CMC panel to the

internal structure.

The primary challenge with any stan&f TPS is attaching the external panel to the substructure

and transferring aero and pressure loads, but not thermal loads. Moreover, the entire system must

withstand acoustic and vibration loads.
The TPS developed in SMARTEES project was design using the atiaapproach

2.6 High and Ultra High Temperature Ceramics for space applications

Different TPS technologies have been previously describeldtive TPSused mainly on the

Apollo capsuleg7) and interplanetary entry probé), or reusable TP#itegrating insulate)

or standoff (5) structues. Moreover thanks to the increasing intereseéusable launch vehide
(RLVs) (10; 11)alsonew metallic TPS concepts were develofEz} 13)

23



The long service life in harseironmental conditions makes surface modifications an essential
part of materials technology for aerospace applications. In fact, due to their specific designs, re
entry vehicles usually require control surfaces which include sharp leading edges. They are
subjected to great aetbermal heating and they can reach temperatures that may exceed
2000°C. Available thermal protection materials will not survive such extreme temperatures and
new materials are required for advanced thermal protection systems.

Since the late 1960s the attention was focused especially on SICSgN, used for the
production of ball bearings, armiQ fibres and turbine blad€44) and onsome oxides or RCC

used on the space shuttle nose came wing leadig edges. Bwever the oxidation resistance of
thesehigh temperaturenaterials was limited to D8°C.

For hypersonic flights, TPS for4entry vehicles and propulsion applications sequired new
materials that must have good performance in oxidizingsimeres, at temperature higher than
2000°C and which can withstand these operative conditions for several missions.

The continuing researches and investigathith the pursuit to develop new materials for TPS
and to improve the performance ofeaetry vehicle lead to identify Ultrddigh Temperature
Ceramics as a promising class of material for aerospace applications.

In fact these materials offer a good combination of physical, mechanical and thermal properties
that allow them to be used in extreme iemvmental like those associated with atmospherc re
entry, hypersonic flight and propulsion rockets.

There are more than 300 materials whose melting point exceed 2000°C (F&urel2ding

the previously mentioned SiC, refractory metals such as Hf,IlNi@a, Re and W, oxides

including HfQ,, ZrO,, UG, and ThQ, and a variety of transition metals carbides, nitrides and
borides.
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Figure 2.9 Comparison of melting temperature of different Ultra High Temperature Compounds
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The high melting point was onlyne of the properties to bemrsidered: the oxidation resiatae

IS very important in this context in addition to the sttn¢poth at room and application
temperature), thermal conductivity, thermal expansion coefficient, density, process method and
cost.

Oxides have to be considered thanks to their good oxidation resistance, but they presented a poor
thermal shock resiaice and low thermal conductivity. Ti&#icon based materials have very
good oxidation resistance too thanks the formation of a Sulassive layer Wwch prevens

further Oxygen penetration; however their use is limited to temperature up to 1700°C at which
the active oxidation and other mechanism can ocestraling the passive layer.

Other materials such as Ti/Nb carbide and bodidigh temperature can form oxides with low
melting points (T, TiO; is 1840°C and § Nb,Os is 1485°C) and the formation of a liquid phase
have to be very limited for aerospace applications.

Carbide and Nitride have been studied since the 1930s andedvwlany applications, another
class of material started to be studied in the 1960s and is now the most widely investigated for
TPS that is the borides.

Following there willbe anintrodudion on Silicon Carbide as one of the main compounds used
for aerospee applications at high temperature; moreover the borides with particular interest in
Zirconium Diboride will be presented as materials with promising applications at ultra high

temperature.

2.6.1Silicon Carbide
SinteredU-SiC has evolved as a major structural ceramics with applications in many fields which
includes heat exchangers for high temperature, seal, bearing and water resistant caibppnent
moreover SIiC is a good candidate for thakmrotection concepts thank to some particular
properties: thermal stability at very high temperature, low density, high stiffness and fairly good
strength, high hardness and erosion resistance, self passivating behaviour in oxidising
environment.
Howeve SIiC also presents some disadvantages that need to be overcome, especially for
aerospace application: rather poor toughness, poor thermal insulation capability at room
temperature (even if greatly increasing with temperature increase) and active oxadlatigh
temperature and under low partial pressur@xfgen.
The oxidation mechanism for SiC will be detailed discussed in the next part (Chapter 6):
fundamentally it is dependent on the partial pressuf@xgfien in the atmosphere in addition to
the tenperature. So under high partial pressur®©rygen passive oxidation ta&kelace which

involves the formation of a passive silica layer; for temperature very high temperature and in
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presence of a loxygen pressure SiC can undergo active oxidation. Tisisfy the limitation

in using SiC as single phase for very high temperature applications.
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Figure 2.10Stacking sequence of atomic planes foi3&) B)4H and CY6H SiC

Silicon Carbide exists in more than 200 crystalline forms: each polymorphism ofisSiC
characterized by a large family of similar crystalline structures called polytypes. They present
the same chemical composition with identical structure in two dimensions and a difference in
the third one; so they can be seen as layers stacked imia sexquence.

A list of most common polytypes includes 3C, 2H, 4H, 6H, 8H, 9R, 10H, 14H, 15R, 19R, 20H,
21H and 24R where C, H and R indicates the three babic,chexagonal and rhombohedral
crystallographic types. In the cubic structure, labelled aSi®Cor b-SiC, the Si and C atoms
show a similar configuration respect to diamond. It is not easily available in bulk forhmaara
relative few commercial use; only recently there is an increasing in using it as support for
heterogeneous catalysis thank to itghler surface area respectidorm. The transformation

from b to Uis irreversible.

In the hexagonal type (nBiC, generally called}SiC) and in the rhombohedral one (8iC)
bilayer of Si and C stack in a primitive unit cell, the main difference dsg#re stacking
sequence. Alph&ilicon Carbide (}SiC) is the most commonly encountered polymorph showing
a stability up to 1700°C.

The nature of SC bonding is mainly covalent (88%) and only partially ionic (the remaining
12%).

PureSilicon Carbide carbe sintered very difficultly due to the low diffusion coefficients of Si
and C. Thus, during the treatment, is easier to have grain growth than densification. To achieve

high relative density, the use of sintering additives is necessary.
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Silicon Carbide #tering can be effected in treolid state with the use oBoron andCarbon
(16; 17)at temperatures around 21RR00 °C. Later other sintering aids were fouodhriprove
the densificatiorof SiC; for example fine Si@owder could be sintered with the addition o€B
(18).

Silicon Carbide can be also sinteredliguid phase in this case it typically presents a very fine
SiC microstructure. ¥O; e Al,O5 are the most used sintering aidaridg sintering an yttrium
aluminium granate (YAG, ¥Als0;,) is formed. Chosing the proper treatment times the liquid
phaseassembles at the border of tfp@ins, contributing to generate clean grain boundaries. It
wasmoreoverobserved thaif the sinteing process is performed in presengia and alumina
under arargon atmospher@ndat 1900 °C, a little quantity of €an helpto reduce the presence
of SiO,.

In this work of thesi¢}SiC powder was used; XRDeasurement (Figure 2.11) on 8tarting
powder has been done in order to verify the puity: any impurities are notiedle from this
XRD spectrum; all peaks belong to the Silicon Carbide.
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Figure 2.11XRD measurement od-SiC starting powder.

2.6.2Borides
The diborides have extremelygh melting temperatures (over 3000°C) and a relatively good
resistance to oxidation in simulatedaetry environments; oreover they are widely used in
other application fields such as refractory coating, electrodes, microelectronics and cutting
machine.
Borides show a wide range of composition with a ratio Boron/Metals (B/M) vargong /4 to
12/1: this value defines both the properties and the electronic configuration of the compound

(19). Changing B:M ratio the electrongtructure ofBoron changes, leading to the formation of
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different structural systems containing gnigvo-, or threedimensional B networks. Increasing

the number of B atoms , the stremgf Bi B bond increaseas well as the stiffness of the crystal
lattice, the melting temperature{)l hardness (HV), strength (s), and chemical stability.

The Mi B bond strength in diborides depends on the degree of electron localization around the
metal atoms: in the metal borides the external electron configurati®oroh is sp’ and sp’
promoting the formation of strong covalent bond. In the diborides the Boron atenetectron
acceptors, while the M atoms are electron donors. In this case the electronic configuration
changes in function on the Metal donor charadtes;interactions between donors and acceptors

makes ionic the MB bond in addition to a partial covalent nature.

Borides are characterised by high thermal conductivity which decreases thermal gradients into
the internal part of the material: a heat $fan from higher temperature areas (e.g. stagnation
points) to lower ones lets the maximum temperature decreasing and the thermal shock resistance
raising.

The strendt of diborides which are reported in literature have very widely dispersed values: this

is because this property has a strong dependence to the processing methods and to the
microstructure of the sintered materials; it has been for example reported that thé stfengt
diborides often increaseavith the decreasing of grain size according t@lHPetch relationship

(20).

The oxidation resistance of this class of materials can be improved by addition of a second
phase: Silicon Carbide was firstly added both toHfBd ZrB in order to improve their strergt

(21), moreover the formation of silica in the diborides was reported improving the oxidation
resistance of the resultant compos(i3).

The most egpresentative compounds belonging to this class of natgexie TiB, ZrB, and HfB;.

TiB, is both covalent and ionic bonded compound so it requary high sintering temperature.

It is usually densified by hot pressing or hot isostatic pressing: the relative low crystalline
boundary diffusion coefficient slowdlown the densification speed and increase the time
necessary for sinterin(23). The pressureless sintering is also possible in presence of liquid
forming sintering aidswugh as Iron, Chromium and Nick@4).

However the cost of densifying the material at Hgmperature, the uoatrollable variability in
mechanical properties, the relative moderate poor sinterability and its oxidation resistance only
up to 1000°C, lim#the use of TiBfor aeospace application.

Thanks to its high hardness and moderate stnénBt is used for armar and cutting tools.
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Borides of Hf and Zr were investigated in early5Q8 as nuclear reactor materiah the
following two decades many studies were performgdManLabs under a research program
founded by Air Force Materials Laboratotheyshowedthe potential of diborides as nosecones

and leading edge materig[@5). The relatively good oxidation resistance of refractory diborides
compared to others refractory intermetallics compounds (carbides, nitrides and silicides) has
focused many research efforts into detailed investigation on transition metal diborides. Among
them Hafnium and Zirconium Diborides were identified as the masnhiging candidates for

high temperature applications in the extreme conditions involved during atmosprentcyre
Zirconium and Hafnium are very similar chemical elements so their borides are similar too: their
thermal conductivities are very high atiis is a favourable factor in applications where thermal
stresses are developed: thanks to high thermal ctinity the borides can homogee the heat
distribution and equilibrate the temperature along the thickness reducing the formation of
residual resses. For example in rocket motor nozzles the inner part can reach 2000°C in 0.15
second, while the external part is still at room temperaiure compromise between the nozzle
thickness, the thermal conductivity and the striengtl determine the stcess or the failure of

this part.

The diborides of hafnium and zirconium are nowadays of particular interest for aerospace
industry mainly in sharp leading edge applications which require chemical and structural
stability at extremely high operating tearptures.

In this context the Zirconium Diboride has an important advantage respect to Hafnium Diboride
due to its lower density.

ZrB;, based multilayer ceramics were detailed investigated in this thesis in order to be used as
external part component offé&aermal Protection System.

2.6.2.1 Zirconium Diboride
Among the compourgdbelonging to the family of transition metal ulinggh temgrature
ceramics ZrB shows a unique set of properties (shown Table 2.1) that makeit attractive
candidates for thermmechanical structural applications such as leadoge part on
hypersonic space vehicle, propulsion system, furnace elements, refractory crucibles and plasma
arc electrodesin particular ZrB, has a lower densityespect to HfB; this makes it more

attractive especially for aerospace applications.
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Properties ZrB,

Crystal system space group Hexagonal
prototype structure P6/mmm AlIB,
a(A’) 3.17
c(A°) 3.53
Density (g/cm’) 6.119
Melting temperature (°C) 3245
Young’s modulus (GPa) 489
Bulk modulus (GPa) 215
Hardness (GPa) 23
Coefficient of thermal expansion (K™) 5.9-10°
Heat capacity at 25°C (J/mol -K) 48.2
Electrical conductivity (S/m) 1.0-10’
Thermal conductivity (W/m -K) 60
Enthalpy of formation at 25°C (kJ) -322.6
Free energy of formation at 25°C (kJ) -318.2

Table 2.1 Summaryof main ZrB, properties.

ZrB, crystal structure, as most of GroupiM transition metal diborides, is primitive
hexagonal, type AIB this configuration shoalayers of B atoms in anexagonal configuration
(such as graphitike rings or nets) which alteate hexagonally closgacked Zrayers. Each
metal atom is surrounded by other six equidistant metal neaighbo its plane and 12
equidistant B neighhos (six above and six below theetal layer). Each B is surrounded by

three B neighbars in its plane and by sixetal atoms (three above and three below the B layer).
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Figure 2.12 Phase Diagrams for B system from A) McHale and B}lougherty

In Figure2.12 is reportedhe phase dgrams for ZfB (26; 27): ZrB, is the main phase with a
melting point of 3247°C. fie very high melting point, the slow kinetic of solid state reaction and
the Boron vaporizationare some of the key factors which makkfficult the detailed

investigation of phase equilibrium diagram of Zirconi®oron system.
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Clougherty et al(27)r eported the Schedlerbés phase diagr

of a ZrB phase and a ZrBphase whib exists between 1700°C and 2680°C (Figd2B).

From Figure2.12A it was evident that the solidus temperature of1Zi82250°C and it shows a
peritectic decomposition, whereas Fig@r&2B reported an eutectic mixture of ZrBnd ZrB»

with a eutectidemperature of approximately 2300¢Z8; 29)

According to Aronssoii30) when ZrB phase has been observed, considerable O, C or N might
have been present in order to stabilize the cubictsire, which is generally considered to be the
ZrB phase.

The ZrB, phase shows a very limited range of homogeneity and, as predicted by the phase
diagram in Figure 4.2A, of$toichiometric compounds will contain either fr&oron or
zirconium below 150° C and may contain ZrB and ZrBn the range of 1500° to 2200° C.

ZrB, can besynthesizéy different techniques:

- Reductions process

- Chemical synthesis

- Reactive Process
Several are the reduction processelsich can be used in order to synthesize Ziom
Diboride. Carbon an®oron are the most common reducing agents, butBdson carbide or
aluminum can be used as well asntnations of reducing agent&xamples of the reactions

(2.1-5) are shown below:

Carbothermal @0 0 0 VOO WD o0 (2.1)
Borotheral @0 10 VOO Wb 00 (2.2)
Aluminothermal @ U g0 U pu® owd Lo a0 (2.3)
Boron Carbide X 0 Lo 0 PpTa® X0 g0 U Lo 0 (2.4)
Combined Cw 00 g0 O ¢iid 100 (2.5)

Carbothermal reduction is generally used to produce commercial (@8l HfB too): this
process is strongly endothermic and thermodynamicallyufadbe at temperature higher than
1500°C.

Moreover most of reported reactions also produce significant volumes of various gases, which
must be removed in order to proceed to complete the@®s, Barbides an€arbon are common
impurities present in the final powder.

Reduction with BC (Reaction2.4) ha also been used to produce diborides and diboride

composites. Also in this case the reaction is endothermic, but it becomerataieo at
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tempeatures lower than the reduction reactions \@#drbon andBoron (Reaction2.1, 2.2 and
2.5).
Chemical synthese adoptedto produce diborides include solutions, reactiavigh Boron
containing polymerand preceramic polymers.
ZrB, can be synthesized hgacting anhydrous chlorides with sodium borohydride (NaBH
above 500°C under pressure; using this process it is possible to obtaiHIBB as well as
ZrB; crystalline particleswith size1Gi 20 nm.
Among the reactive process the simplest method toupedrB is the reaction of elemental
precursor powders:

Zr + 2BA ZrB, (2.6)
The use of direct reaction was used only in the past and nowadays is not common due to
difficulty to have high purdBoron available. Moreover the higbxygen affinity of Zilconium
impliesthat the reaction must be carried out in inert duping atmospheres in ordergcevent
the formation of oxide impurities
The reaction is faugable in a wide range of temperature, lutesults very exothermic so, if
conducted in an wontrolled manner, the heat can ignite a -peffpagating reaction and
generate temperatures so high to promote local melting of the,Zis(I850°C).
The main use of this reactigiq 2.6) is to synthesize ZrBby seltpropagating highemperature
synthesis (SHS), which is a kind of combustion synthesis: the involved high heating and cooling
rates produce high defect concentrations in thsulting material, which can improve
sinterability of ZrB respecthose obtained by more conviemal reduction ppcess. Recently it
has been developed a method adopting a slower heating rate and longer isothermal conditions to
react fine powders of Zr and B without the ignition of SHS reactions. In this way it is possible to
obtain ZrB powder at temperature of ab@@0°C.

Due to the high melting point and the covalent character of the bonding the sintering, of ZrB
required very high temperature just to obtain a densification degree between 70% and 90%;
different methods have been used for the densification: lessimg, spark plasma sintering,
reactive hot pressing and pressureless sintering.

Historically Hot Pressingvas the most common meth@8il; 32) the sintering of ZrBrequired
temperature higher than 2000°C and moi#epsessure between 20 and 30 MPa,; the attempts to
reduce the sintering temperature up to 1800°C implied the use of verpreggure (more than
800MPa).

The main factors which influence the gimg of ZrB, by hot pressing are:
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- The particle grain sizdt has been found that hot pressing of coarse pdvder(average
grain size 26m) at temperature of 2000°C and a pressure of 20lB#o reacha relative
density ofonly D73% (33), while a relative density 0D91% was olained using a finer
ZrB, powder (142.1em) under the same sintering conditiof®!). Furthermore, it was
possille to obtain fully densematerial using a starting attritiemilled ZrB, powder
(average particle size of0.5%em) ard performing an hot press treatment at 1900°C and
32MPa for 45 minutes. The lower HP temperature was attributed to reduction of starting
particle size from microns to suhicrons value.

- Oxygen impurities such as,B; and ZrQ are often present on the diag powder
surfaces and it have been shown to inhibit densification and to promote grain growth in the
nonoxide ceramic systems. Various sintering aids (discussed later in Section 5.1) act with
impurities improving the sintering process.

- Presence of stering aids.

Research in the late 1960s on metals (Zr, Hf, Cr, Y, and Al) and ceramic (SiG, slio&biTaB)

additions to ZrB showed not only an enhancing in densification, but also a significant

improving of oxidation and thermal stress resistance destly in the case of diborides

containing SiC, C, or SiC plus C).

Recent researels using commercial ZrB powders and then sintered by HP has typically

included norreactive additives such as SiC or liquid phase forming additions suchsNi, &f

MoSi,. The high HP temperatures and pressures of historic studies are not necessary using finer

starting powders (with suimicrons dimension) and the addition of aids which are able to

minimize grain growth, produsea liquid phase or result in solid solutidormation. The
sintering temperature can be reduced thanks to the useMf 8iN, MoSi, and TaSi; but
pressures of Z&0 MPa were in any case required

Spark Plasma Sintering one of the most recent advanced processing techniques developed for

densifyng ceramic material§35; 36) Although SPS is similar to Hot Press technique, in place

of indirect heating, the applied electrical field heats the die and the powder compact.

The main advantages in adopting SPS anétance densification of poorly sinterable ceramics,

by the simultaneously application of a uniaxial load and a direct or pulsed electric current to a

powder compact; moreover the grain growth of starting materials results reduced thanks to a

shorter sirgring time (it requires some minutes) compared to Hot Pressing or Hot Isostatic

Pressing.
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Guo et al. reported the processing Br8,i ZrCi SiC system with different relative amount of
the three compound fully dense compacts with fine and homogenauisrostructure were
obtained after a SPS cycle at 1950°C applying a pressure of 30MPa fo{Z7nin

The reason why SPS technique can enhance densification pfsZsBll the subject of intense
debate. HoweveGuo suggested38) that enhancement is most probably due to anieffideat
transfer,the useof comparatively high pressurthe presence of an electrical field (use of DC
pulses) and the presence of local spark discharges generated bémveewders under high
energy electrical pulses.

Reactive Hot Pressingas been identified as a potential route to produce ZeBamics with a

very low level of impurities using lower sintering temperature.

There are two processes involved in RHP®:situ reaction of precursor powders and the
densification; in this way botéynthesis and densification can be combined into sstgie.

Recently Reactive Hot Pressing has been used to produce betberaBiics by using Zr and B
precursorg39) as well as to fabricate the ZHBased composites with the addition of SiC and/or
ZrC by using Zr, Si and /& precursorg40).

In particular the presence of SiC had a significant effects on both the densifieatiparature

and the resulting microstructu¢€0). Zr, B, and SiC as precursors submitted to a RPH treatment
at 1650°C let to obtain a sintered material with a relative density of 95%. In addition to the
reduction of sinteringemperature respect to those required to obtain gr&luced by the same
method or using conventional Hot Press, the microstructure showed much smajlgrainB

size. The reduction in sintering temperature for ZIBZ by RHP may be linked to two causes:
firstly the minimization of oxide impurities such ags@, ZrO, and moreover the use of fine
crystallite/particle sizes.

Conclusively the Ressureless Sintering is the last method considered to densifybZged
ceramics. This method has been choserttfe sintering of multdyer in this work of thesis; a
detailed study on the results obtained using this process will be discussed in Chapter 5.

Due to the high pressures required for densification, a sintering process which not implied the
assistance gbressure was considered unlikely or almost impossible until the late 1980s, when
studies of pressureless sintering actually began to show results. Compared to Hot Pressing, the
PS process showed various advantages: the possibility to produce érsistpeceramic parts

with complex geometries using standard powgt®icessing methods; this imply a reduction of
processing costs. However this method inevitably required the use of sinterin§eaitisr( 5.1).
Following the XRD measurement were performedtanstartingpowder (Figure2.13) to verify

the presence of impurities on its surface.
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All peaks correspond to ZpBBo thee  atrother detectable phases on the starting powder.
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Figure 2.13 XRD on starting ZrB powder.
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Chapter 3
Material processing: Tape casting

3.1 Tape casting technology

The development of tape casting technique for the ceramic film productions ¢ome the
1940s; firstly this method was well known and had applications in other contexts such as paper,
painting (o test the ceering power of paint formulations)nd plastics industrigg1).
Glenn Howatt patented this technique to produce thin ceramic sheets with controlled thickness
42)AiFor mi ng c er amflat platess espaciallp ussefuh the electric and radio
f i e |THis i6 nowadays the main application even if it extends very far beyond the uses
imagined in 1952.
This method involved the preparation of a suspension based on a mix of ceramic powders and
organics components (dispersant, binder and plast)diz a proper solvent, which wapread or
Acast o on a f | at hemasting phase, the olpeatgatslowlylelapaeated in
order to obtain the so cfalthinand fleRigerskeeth cer ami ¢
The thickness for green tapesuallygoesfrom 5 microns to some millimetré43).
The tape casting technique could be applied not only for ceramic sheets production but, adopting
proper modificions, also to metals.
For example slip ading is probably the processing method with greater similarities with tape
casting because of the starting conditions are the same but it involves the use of both ceramic or
metallic powders. However, they mairdyfference in the drying conditions: slip casting uses a
Paris mold in order to absorb the water vehicle while in tape casting a plastic fdarrierused
and the drying is conducted by solvent evaporation from the surface; moreover in this technique
the use of nonorganic solvents is very common in order to allow a fast drying process.
The literature reported that for his first appiionsHowattused a porous plaster to apmster
as liquid media; then in 1950s the American Lava Corporation intrddbesfavarrable use of a
pl astic carbrsiogmptonveimowvi ng pol yhereass pmaductioni er 0
and alsahestorage of the green tape rolls.
Figure 3.5howsthe basic apparatus used for tape casting; it is constituted by:

1 The reserwir where the slurry is placed before the casting phase

T The doctor blade which 1 s the most i mport

blade able to remove the exce$substance from a moving surface being coga&d

Doctor blade indicates the moving port of the slurry reservoir whinbe openedallows the
slurry being cast on a moving carrier polynfiigm and in additionregulateghe amount of the
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slip by removing the excess of suspension during the processhitkeess of the tape is fixed
by selecting the doctor blade opening gap.

1 The slip with selected chemical composition

1 The carrier materla

The casting rate is fixed and controlled in order to obtain a homogeneous film.

Reservoir

Carrier Material:
Polymer, Metal
Glass, Stone

- Relative Carrier Motion

Figure 3.1Basic scheme of apycal tape casting apparatus

There are a lot of parameters to take in account during the tape casting process: the slurry
formulation, rheological properties of the slip, the gap of the doctor blade, the speed of the
carrier,thereservoir depththe shag of the doctor blade and the drying chamber (that is strongly
dependent on the type of solvents used in the formulation); all thesesfgretatly influence the
properties of the resultant green tape.

It is one of the best methods adopted in order taiola large, thin and flat ceramic layer with

low variation of density along the castingadition and an homogeneous pdistribution (if
present); it can be usddr the production of multilayestructures with all similar layers or
alternating layersvith different chemical composition. An important advantage of tape casting is
its low costeffective application both for industrial and laboratory testing techaique

This method showa linear relation between the slurry, the grégpe and the sinterguioduct:
thehomogeneity and thgtability of the slurrydeterminethe propertiesof the green bodguch as

the packing of the particlesnoreover they have influence ahe sinteringprocessandthenon

thecharacteristicef the final product$44).

Clegg et al.(45) originally reported the processing and characterizatibi®iC/C multilayer
mainlyin term of mechanical properties: SiC powder with an addition of 0.4 wt.% B was firstly

mixed, pessed into a -tnm-thick-sheet and then rolled into flat sheets (about 2060 in
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thickness). After cutting, this thin sheets were coated with graphite, stacked and pressed to form
a plate 2 mm thick. After debinding and sintering treatments, a SiC/C multilayer was obtained,;
its relative density was measured around 98%.

The main difference between a monolithic and laminate material was found in term of
load/deflectionbehaviour the former behaved in a linear elagtienduntil catastrophic failure.

On the other hand the laminate deforrmmeth a linear elastic fashion until theack reached the
same stress intensity as the monolithic SIiC, and then the cracks deflected along-the SiC
interface. So the apparent toughness increased from 3.6 to 2&fPand the work of fracture
increased from 28 to 4625 Jim

This is the main dvantage of a multilayer structure respecttmonolithic one; in this PhD
thesis laminates based on 28 C system were processed and characterized in term of physical,
mechanical and thermal properties. Moreover, thanks to the possibility to desitiiayeul
structure with different configuration, a structure daming composite layers in between SiC

ones was also investigated.

3.2 Materials and processing

The different components whichrfa the slurry highly influence the properties of bogneen
tape and final sintered productsy this reason it is necessary to study in details all aspects
linked to each constituent. In the following sections timeaterials selection process and the

properties of each of them will be discussed.

3.2.1Powders
In arny fabrication process the most importatgneent is the starting powder daise it mostly
influences the final product properties: after the removal of organic components and the
densification process, the powders are the only elements of the batchl léfenwill define the
products performanc@ll). The criterion for its selection mainly depends on the requirements
needed for the different applications and then the potentialities for using in specific
manufacturing techniggs. Especially in the case of tape casting it is necessary a complete
characterization of these powd@rsorder to provide a proper chemical formulation
The most important criteria to be considered are: chemical purity, particle size, distribution and
shape, surface area, density, agglomeration/segregation degree, homogeneity in composition,
sintering activity, ability to be magwoduced, compatibility with other slip components and

coss of production.
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In fact the optimization of the slurry formulati@nd its preparation is necessary in order to
avoid inhomogeneity and segregation and moreover to promote the packaging of the particles in
the next phases.

The preence of impurities can inhikdind modify the sintergp mechanism; for this reason & i
important to know and eventually check the level of impurities present on the starting powder.
The effect of particle size and distribution have been widely discussed in litegsudy ; 48)

The tape cagtig process talssdvantage of gravity and shrinkage of organic components during
drying phase in order to generate a packed system; in order to obtain the highbkt goessn

bulk density itis fundamental the selection and control ofplaeticle sizeand distribution.

Mc Geary (49) reported a detailed theoretical study on the packaging of the powders: h
predicted a maximum packaging of 74 .96] for monesize particles with ideal sphere shape
without Van der Waals intecdions between patrticles. The arrangement have to be octahedral or
tetrahedral, with a coordination number of 12. For coordination number of 10, 8 and 6 theoretical
calculation of the packing densities would 8.8 vol.%, 60.5 vol.% and 52.4 vol.%
respedwely. Experimental calculations indicata packaging around 58 to &61.% when the
coordination number is 8. For liquid suspensions, a very good approximation for packing density
valuesis established around 45 vol% with particles of approximatedeln of diametef50).
Shanefield51) showed thain commercial powders with a standard particle size distribution, the
best packaging factor correspond to about 55% of theoretical.

This relative lov valuewas due to the fact tham most of cases the powder processing method
favoured the obtaining of very fine particles without taking into account that to a finer powder
corresponddan higher surface energy asala greater driving force during $ering pocess.

In this thesis it will be showed anchderlined (Section 5.3) the importararad the influence of
starting powder patrticle size in preparation of ZE8C based multilayer integrating kg with
different composition.

The surface area mnother very important parameter because itggwveindication on the best
interaction factor among components in order to have a good dispersion, lubrarabioeling
gualities: in factthere is a direct relation between the total pow@deea and thamount of
organics neededVoreover he selection of the proper dispersant/solvent combination, as well as
the proper dispersaifandits concentratioly are all critical factors fopowders withvery high
surfacearea(43). In general powders with high surface artat means above 20%my, are

much more difficult to work with, the ideal range is between 5 and’d& m

There are different powdeprocessing methods such the mix of oxides in a solid solution

carried out bycalcination of premixed oxides, hydroxides and carbonates in a temperature range
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of 500-1000°C. Precipitation and qwecipitation are other important techniques through it is
possible to obtain hydroxides and/or oxalates from wadsed solutions (Baygrocess for the
fabrication of AbOs3).

Almost all these mentioned techniques leave them in an agglomeration state so it will be
necessary a second step in order t@aggomerate them: a reduction of the particle sizeois
required in order to avoid sjpersion problems in the slip, inhomogeneity and/or lower
consolidation of the green tapad obtain a final sintedproduct free of porosity.

This dispersion milling phase could be assary also in order to homogemthe particle size of
different powders used in a unique system. In general, this process can be carried out by ball
milling (wet or dry), vibratory ball (wet and dry too) , attrition milling in wet ultrasonic
dispersion technique and ring gap mill.

The density of the powders is another artant factor in powder selection. During tape casting
process is also necessary to maintain an high quantity of particles in suspension and, depending
of the particle weight, is possible to determine the particle size required for a specific

formulation.

3.2.2 Solvents
Tape casting is a fluid forming process and the component whithéepowders behave as a
liquid and flow on a support is the solvent; this liquid element is also used in order to
homogeneously distribute the other ingredients in theyshwoducing a uniform mixturés2)
The solvent or mixture of solvents used to formulate the slurry compositioridhave
A Dissolwethe organics components of the slustch as binder armlasticizers.
A Disperethe powders (ceraic or intermetallic ones).
A Provide an goiform distribution of all other ingredients in order to obtain an
homogeneous mixture of them.
A Give to the suspensidhe desired rheological properties suctaasitable viscosity.
A Provicke a quick evaporation at oderate temperature (often the drying phase is
conducted at room temperature).
A Ensue a gooctonsolidation of the tape.
Another factor could influence the solvent selection is the production costs and the effects on
health and environmental impact. Somévents such as Xylenes, MEK, toluene and benzene
have been banded for industrial usesame countries because of thearcinogenicity and in
additionfor their long term effects on the human body.
All organics present in the slip need to be dissolvedihie reason it is widely used a mixture of

solvens in orderto increase the ability to dissol{®&3) andatthe same timdo control the drying
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rate, the costand the safety. Some studies determinedvih@nusinga mixtuie of twotypesof
solvents, respectivelyc | assi fi ed as #Akinetics solventso
possible to use lower amounts of solvents compared tantioeint required usingnly one this

is dueto the combined effect of an efient inteaction and a faster evaporation.

This is the case of the walled azeotropes, introduced by Boch and Chartier in 1988: they are a
mixture of solvents with theuitable feature to acts as onkey show an exceptionally good
solubility andthe evaporatiorateis quitefast.

Table 3.1 showthe most used solvents for tape casting.

Solvent Boiling Evaporation rate Heat of Viscosity at Polarity Relative Surface

point [n-butylacet.=1] vaporization 25°C Et(30) permittivity tension
[°C] /gl [mPa s] [kJ/mol] [mN/m]

Water 100 0.16 2260 1 264 80 73
Methanol 65 3.70 1100 0.6 232 33 23
Ethanol 78 2.65 860 1.2 217 24 23
Butanol 118 0.44 578 29 210 18 22
Benzyl alcohol 205 <0.01 415 5.8 213 13 35
Isopropyl alcohol 82 2.08 578 24 204 18 22
Ethylene glycol 198 <0.01 800 20 236 37 48
Ethyl acetate 77 4.95 360 0.4 160 6 23
Butyl acetate 127 1.00 310 0.5 155 3 26
Methyl ethyl ketone 80 4.59 444 0.4 173 18 25
Acetone 56 7.70 524 0.3 177 21 25
Trichloroethylene 86 4.90 243 0.4 150 3 25
Toluene 110 1.96 352 0.6 142 2 29
p-Xylene/o-xylene 140 0.55 327 0.7 141 2 28
Cyclohexanone 155 0.24 427 0.8 171 18 33

Table 3.1 Most common used solvents for tape casting formulation

Most of tape casting slurrieare preparedwith nonaqueous solvents and, among them, the
organic ones are thraost used.
Water is reonmended because is very cheap and it is one of the most environmental friendly
solvens, neverthelesd is not the most common usedchase of the difficulty in findingvater
solublebinders and plasticizerk additionadoptingaqueous suspension formulation the casting
speed increaseand the evaporation rate (drying step) decreasaffects the production cost
because of a reduction in the production capacity.
The formulation of the slip starts with the selection of theger because, as it was mentioned
previously, it has a significant influence on the final product properties; after that it is necessary
to choose the binder(s) and then, the liquid to dissolve the selected binder(s).
The chosen solvents must not adversdfect the powdexr(43) and all organics present in the
slip need to be dissolved as well. For this reason the investigation on the interactive force
between the liquid media and the rest of the suspension componentsrsd;itpgise forces can
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be classified based on the atomic origin: lonic force, dipole/dipole force, hydrogen bonding
forces and Van Der Waals forces.

These kind of interactions can affect the performance @t s ol vent s ; toshoose t 0 s
a liquid mediashowinga good compatibility with the binder. For example they should have
similar functional groups because their polarity have an effect on the manner in which they
interact(41).

3.2.3 Surfactants
The role of surfacta in ceramic processing is very important; therat meaning is SURFace
ACTive AgeNT. They include different chenakt aids like dispersants, deflmdants, wetting
agents, flattening agents, flocculants and many others. In general it is an additiveagtiviely
modifies the particke surface to giveahemthe desired properties such as a surface charge, a
surface energy or a specific chemical activity. In this case, the term surfactant is regarding to the
dispersant agent used to control the naturaloaggration of the ceramic powders into the slurry
(3), so its addition help the dispersion of particles and hold themhonraogeneous suspension.
The dispersant action can be performed by steric hindrance or ionic repulsion.
The natural tendency of foing powder agglomerations is due to attractive and repulsive forces
acting on small particleshichlead them to stay together.
These forcesare the Van der Waal®nes which are attractive; theare generated by the
interaction of atoms with permanentioduced electron/nucleus dipoles on paeticlessurface
On the other handhé repulsive forces can have both electrostatic and steric nature. The first
ones occurwhen the particles have the same the electric charge so they magnetically repel one
eachothes. It is most commonmisingpolar solvents such as watesised slurries.
The second oneare predominant in nepolar organic solvents, where the electrostatic forces
should be smaller. The mechanism ineslthe separation of particles by putting @ating on
one particlewhich physically avoid another parti@d coming into contact with itOrganic long
chained macromolecules are often used in both aqueous and nonaqueous system to favour this
mechanism.
Most of the dispersants used in solwatsedtape casting are of the steric hindrance type: the
idea is to obtain an electrosteric stabilization of the particle powders in the first step of the
process. This mechanism can be briefly explained as follows: there are macromolecules formed
by hydrocarbors with acid or basic head groups or of amphipatbepolymerswhich attach
themselves to the particle surface witile rest of molecules are extended into the liquid medium
(41). These hydrocarbon chains form a netwetkrouming each particle andteep then

separated frorthe othes.
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The menhaden fish oil (MFO) is the most usedastant for tape casting (it also usd in this

work of thesis), due to its effectiveness (the deflocculating ability is due to the large wériety
fatty acid esters it contains), cost and environmental compatibilities (it is a natural additive). It
can be formed by more than 20 types of fatty acids such as linoleic, palmitic, myristic, stearic
(41); the particle surfees are attached to the leadigain of acid carboxylic groups.

Another example of common used dispersant/deflocculant is the Phosphate Ester.

A second function of dispersant is its action as defloccullaatagglomerates tend to trap air in
powder interstial spacs; if these particle groups are not broken the air could form bubbles in
the green tape or even pores in the sintered material.

It is well-known that binder overlathe surfactant effects; nevertheless the use of a dispersant
improves the woking place for the binder that can amt each particle, justeparated by the

dispersant/dédcculant, instead of envelom agglomerate and makes it a particle group.

3.2.4Binder
The binder supplies the network which hold the entire chemical systethdoge the casting
process;when the solvents evaporate, the green tape forms a matrix with this organic
component. Then when the powders are entrapped into the chains, they can produce a network
between thernteaving a residual porosity resultant fronedrying process.
Being the only continuous phase in the green tape the binder has an important effect on its
properties such as flexibility, stremgplasticity, laminability, durability and smoothn€gs).
Binder is the onef the most important component in a slurry formulation and then itapes
processing route. For this reasibims necessaryo identify all the parameters to select a proper
casting binder such as solubility, viscosity, cost, strength, Tg or abilityomify Tg, firing
atmosphere of the powder, ash residue, burnout tempeaattiothers(41; 43)
There are many differenirzers widely used for slip forulation; they can be classified in two
groups: polyvinyls ¥inyl) and polycrylates (acrylic). Both of them show a good film forming
capability, but they differ in the burnoff/removal properties under different atmospheres. In
general, there are lorghain polymers or precursors (monomers or emulsion particles) tha
become longhain polymers during dryin@1; 43)
There is a third group of binder called cellulagkich is less common used, especially in the

formulation with water as a solvent.

3.2.4.1 Vinyl
Vinyl binders inclde many compounds widely diffused and known both in consumer market

and industries. Among thepolyvinyl chloride (PVC) is the most commercially known, it has
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applications in many different industries such as fabrication of water and sewer pipes or lawn
forniture.
Moreover polyvinyl alcohol (PVA) useth food and textile industrieand polyvinyl butyral
(PVB or Butvar) used in the textile industry afwt the production of safety glass are usually
used in the slurry formulation, even more than PVC.
Dependig on the furnace gaseous atmosphere used in theegy the vinyl can reactin
oxidizing atmosphere, the buout could be complete because these polgrbern at high
temperature and requit@xygen from the gaseous atmosphete residualCarbon from his
process interacts witlbxygen to form CO and CO Wet hydrogen, nitrogen and cracked
ammonia atmosphere can also provide good removal of the binder.
In presence of neoxidizing atmosphere the decomposition of the binder rel€2ed®mn (ash)
(41).

3.2.4.2 Acrylics
The main advantages in using acrylics binders are: the cost effectivenesshnasidue in
neutral or reducing atmospheres, strength, solubility, and ability to modify Tg.
Acrylics show a different decompasih mechanismespect to vinks; in facttheybreak down,
unzip their chain and evapora(é3). This mechanism is fawpable in reducing or neutral
atmosphere with only little amount Garbon residue formation.
Polymethyl metacrylate and Polyethyl methacrylate give a very good strength to the green tape
at low concentrations.

Both Vinyl and Acrylics can be plasticized by several additives.

3.2.43 Cellulose
These polymers have been mostly used in wadsed slurries becaaf most of cellulose
polymers are water soluble. There exists several considerations about these compounds; the first
one is the thickening properties, since the cellulose requires more liquid medium providing a low
solid loading slip that raise up theythg shrinkage, cracking and porosity of the tafseother
problem is related to the high quantity of air entrapped into the slurry that generate high amount
of bubbles during casting, and high porosity or flaws in the green (4pe

3.2.5Plasticizer
The last organic additive is the plasticizer, which has the role of offering flexibility and/or
plasticity to the green tape; this means that it is possible to bend the tape without damage or
crack it.

The mechanism consistsimcreasing binder(s) workability ariéxibility (14).
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The nolecular weighof a plasticizehas to be around 300 and 481h a boiling temperature of

more than 200°Cmoreover it has to showhemical ad physical stability, low cost andno
hazardougnvronmentalimpact.

Moreover theplasticizer has to interact with the binddlowing the binder polymer chasto

move inside the tape matrix without breaking the matrix itself.

Plasticizers are classified in two types depending on the mechanism th@abeate flexibility

and/or plasticity to green tape.

The first one, A T ys@ften the polymes chains petwaen particlés allewingt h a
them to stretchwhilepl ast i ci z er s can &ddladitiaty (flabtic dedormhtior) to the
green tape matrix43).

The first class of plasticizer is a chemical which soften the polymer chains between particles
allowing them to stretch more easily. They modify the glass transition tempe(ag)réy
shortening the pomer chains allowing to have greater flexibility at a given temperature;
moreover the plasticizer is able to dissolve the binder: the addition of a component such as
phthalates can in fact partially dissolve it.

The addition of different amounts dfype | plasticizerhasdifferent effectson the green tape:

large amount produsea tape with higher elasticity; in this case is possibletdoksthe layer
without usingany adhesive material because the surface is particularly sticky. However an
excess of plagtizer causes the adhesion of the polymer to the carrier si#face

The second class of plasticizer interposes between the polymer chains hindering the formation of
molecular bonds between the chains and giving them higlodilitp in the dry tape: the
resultant effect is the lulmation of the matrix.

Other capabilities of the Type Il plasticizer are to avoid cracking problems during drying of the
green tape, to reduce the yield stress and to increase strain to failureogriaé@arameters

such as shear behaviour and aheiscosity will be benefited: in fadhe lubrication effect
increases the mobility within the slurry before drying, improving the motion of the fluid through
the blade during cast. Furthermore, the lcdtion makes easy the release of the film from the
casting support, because the botteitle of the tape results lubated by the plasticizer. An
abusive use of a type Il plasticizer may reduce the yield stress providing deformation under its

own weight(43).
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Chapter 4
Processing methods and experimental techniques

4.1 Processing of ZrB/SiC laminates by tape casting

ZrB,/SiC based multilayer specimens were produced by tape castimygieehThe processing
methodinvolves diffeent steps such as slurry preparation, tape casting, green samples assembly,

debinding and pressurelgss spark plasmagintering.

Slurry preparation:

e-2C (B and © as sintering aids)

and ZtBy as sferfing powder

Mix of Ethanal and Buthatl

as solrenf
Fish oil as dispersanf

Polyethylens glyeol asplasficizer
\ P olyanyl tngtyral as binder /

¢

[ Tape casting ]

S

Green samples preparation ]

e

Debinding treatment
Up to 200°C under Argon
atmosphere

&

Pressureless Sintering
&3 2200°C for 300min

Figure 4.1Preparation process of Zs#8iC laminates.

4.1.1 Slurry preparation and tape casting
Commercially availableirconium Diboride powder (Grade B, H.C. Starck, Germany with an
average particle size of 2.25 um) dd®iC powder (H.C. Starck UE5, Germany with a mean
particle size of 0.55 um) were used in this study as starting powders for the fabrication of
laminates.
The effectiveness of several sintering aids was compared looking for an adlivean be
widely usedboth for pure ZrB andfor compositedbased orZrB,/SiC systemThese sintering
aids were added to the ceramic materials using proportions suggested by the literature
B.C (H. C. Starck, 0,8 em), AC g(mj., C.TtaKk Gfatke. kC . GrSi
HV 120,21, 5 & 44 (B.C. St&dk Grade M1A), ZrSi, (Alfa Aesar;3 2 5 me s&m),C & 4 4

(Alfa Aesar flake 710 um) and B (H.C. Starck amorphous gradé B, (im) were tested as well
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as some their combinationSarbon and Boron were alwaysedsas sintering additives for SiC;

they were successfully added in order to improve both its densification and mechanical

properties of resulting materig$6; 17)

o

- - o
Figure 4.2 Multilayer preparation: A) Casting of tl#urry, B) Green tape, C) and D) Stacking of layers

Slurry components

Composition of

Composition (wt%) of

Composition of

SiC slurry SiC/ZrB, slurries designed Z1B, slurry
(wt%) to obtain composites with (wt%)
SiC decreasing from 90 to
10 vol%
Solvents Ethanol 19.9 Progressively decreasing 15.3
from 19.3 to 15.6
Buthanol 30.5 Progressively decreasing 23.5
from 29.6 to 24.1
Dispersant Fish oil 0.1 0.1 0.1
Powders SiC 33.6 Progressively decreasing -
from 29.3 t0 2.6
B 0.3 Progressively decreasing -
from 0.3 to 0.03
C 1.0 Progressively decreasing -
from 0.9 to 0.1
Z1B; - Progressively increasing 49.9
from 6.3 to 45.9
Binder Polyvinyl 9.6 Progressively decreasing 7.4
Butyral from9.3t0 7.6
Plasticizer  Polyethylene 5.0 Progressively decreasing 3.9
Glycol from 4.9 to 3.9
Table 4.1 Composition of the slurries submitted to tape casting
The above mentioned ceramic powders
Al dri ch, Ger many)

weft e

di

Q

=

a n d-AldBch, tGleraamy) hs s@lverisSand4Fh oil Si g
(Afom medical, Italy) as powders dispersant and then were firstly mixed for @4 o an

alumina jar with alumina milling balls. Afterward, plasticipolyethylenglycole, Bisoflexd02

Cognis) and binder (polyvinilbutyral, Butvar B76 Solutia) were added into the above slurry and
further mixed for 48 h.

Slurrieswith composition fron pure SiC to pure ZrBand composite with different ZgESiC

ratio were processed asown in Table 4.1.
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After degamg, the slurry wasransferred in theeservoirof the tape casting machiaad casted
on a moving Mylasupport (Figure 2-A), Thelayer thickness was controlled by selecting
proper llade gaps (the standard value is 1,0 mm) as well as casting rate (usually 100 mm/min).

4.1.2 Green sample preparation
The as casted slurry is let to dry on the flat surface of tape casting apparatuey ito sesnove
the organic solventBy controlled evaporation in saaied of solvents air at rootemperature.
The width and thickness of green layer were 100 mm (using the small machine) or 200 mm (in
case of use of big apparatus) and an average thickhabsut 200 250em.

6‘& / 100 mm /
& Tape casting
direction

} 10 layers

‘ l Cutting plane

i ¥

Figure 4.3 Preparation process for green specimens for bending test

The green tapes of SiC, ZrBnd the composites (Figure2-B) were then cut in the proper
shape and then carefully detached from the plastic support. Theayarigitl were obtained by
painting a gluing solution made of water, ethanol and polyvinyl alcohol (PVA) in the proportion
10g:10g:1g before stacking next layer (Figur2@). A mandrel is passed on the sample in order
to let the successive layer adhere withthe formation of aiinclusion (kgure 3.3-D). Ten
layers are stacked in order to reaatfter sintering; the number of layer can be changed in
function ofthe requested thickness fitve differentmechanical anthermal testsGreen samples
with different shapes and dimensions wprepared (bars, plates and diskfor examplé-igure

4.3 showsthe preparation of samplés three points bending test.

It should be noted that the roughness of legide (in contact with Mylar film) and upperde

(in contact with air) was different due to the presence of the Mylar film, as shown in Figure 4.
B, the rougher uppeside was always pasted with the smoother leside of another tape during

stacking.
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4.1.3 Debinding process
Laminates were then submitted todabinding treatment in order to remove the organic
componerd (binder and plasticizer deriving from the slurry and PVA coming from the gluing
solution). Debinding is carried out by heating up to 800 °C into an oven under an inert Argon

atmosphere in ordeo prevent oxidatioifFigure 44).

I{"C) A T !"f.'r B

B0 C

00 |

400

Figure 44 A) Debinding treatment and B) Presslass sintering cycle

The specimens were debinded on a graphite support and a graphite weight is put over them in
order to avoid sample deviation from planarity. Slaatmg up is necessary in order to limit the

rate of gaseous evolution due to organics decomposition thus preventing bubbles formation or
specimen rupture which may be induced if the gaseous evolution is too rapid and violent.

The decomposition behavio of binder, plasticizer and PVA was tested by TGA from room
temperature to 800 °C at a constant rate of 1 °C/min in flowing Argon atmosphere (50 ml/min);
the results arshown in Figure 4.

Most of the organic components would be decomposed before 40a@ g 45). Moreover,

the organic materials will decompose faster and completely at comparatively lower temperature
under slower heating rate (3 °C/h).

It must be noted that the decomposition of orgamias not complete and a certain amount of
carbonaceus species remain in the sample. By thermogravimetric investigation we observed
that at 800 °C the weight losses of a SiC multilayer specimen is abowt?2.2 hus allowedo

estimate that binder, plasticizéeriving from the slurry and PVA coming fromhe gluing
solution (it was considered the dry green tape composition as referatice)gether left a
residual carbonaceous species amount of abowt%.8

In order to calculate the amount of fr€arbon we have to consider both harbon introduced

into the slurry and the debinding carbonaceous residue. Consequently we can estimate the

amount of free€Carbon equal to abo&t4 wt%.
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Figure 45 TGA showing decomposition of binder, plasticizer and PVA.

4.1.4 PressurelessSintering
Finally the as debindegpecimens were transferred into the sintering furnace and pressureless
sintered at 2200 °C under argon atmosphere for 30 minutes (FigdB¢ 4he sintering
temperature and time were based on the preliminary exper{b¥nt
Usually the densification process of ceramic composites and multilayer required pressure
assistance as well as high temperatunéch necessarilymplied shape and size limitations and
high equipment cost; so these methods were difficult to extend towargls industrial
applications. In order to overcome these limitations pressureless sintering was adopted in present
work.
During debinding, He samples are sintered on a graphite support and a graphite weight is put
over it in order to avoid sample devat from planarity, in addition a small amount of coarse
SiC powder is used as lubricant between graphite supporple and samplgraphite weight in

order to avoid unwanted adhesion.

4.1.5 Spark Plasma Sintering
An alternative process for the sinterinignoultilayers was the Spark Plasma Sintering. SPS was
found to compact powders satisfactorily through the simultaneous application of direct current
pulses of high intensity and pressure. The electric current induces a temperature elevation within
thesampe by Joul ebs effect. The whole process |
The consolidation experiments were performed at TECNALIA in a FCT Spark Plasma Sintering
furnace (model S8451). This equipment can supply a direct current of 20000 A of intensity under
a maimum tension of 10 V. The DC current was applied with pulse time of 10 ms and a pause
time of 5 ms. Thesample was placeth a graphite die between two graphite punches. The
diameter of the samples was 20 or 30 mm. During the tests, the chamber wasmethurider
vacuum (1G Pa). Temperature was controlled by a pyrometer that measures the temperature in
the interior part of the graphite punch. The maximum temperature was betweeh90p0?C

during 1 min of holding time. The load (50 MPa) was appliethduhe heating.
50



In this work of thesis SPS was performed on SiC and, Zr&ed material (only on few
laminates) in order to compare the microstructure of the two basic congpsinteted by two

different techniques.
4.2 Experimental methods

4.2.1 Density measurements
The density is one of the most important properties of a material; because of its great influence
on the other mechanical characteristics, it is considered a fundamental tool for defining structural
properties that are required for a spec#pplication and so assuring a good performance of the
material
It is directly linked with the sintering processista measure of how much the particles of the
powder were sintered to form the fAmonolithi
porosity left.
There are different methods to measure the densification of any material; in this work geometric,
bulk and apparent density were measured. For eacls eésamples at least four specimens are
selected for the measurements.
All the values areeported respect to the theoretical density which is calculated by the rule of
mixtures.
The geometric densityvas evaluated by measuring weight (by an electronic balance suitable to
weigh accurately to 0.0001 g) and dimensions (by a digital calipegngbles considering them
in a geometrically regular parallelepiped bars.
The bulk densitycorrespond to the ratio between the dry mass of the sample and its exterior
volume, including pores (1).
The procedure to measure the bulk density involves diffestaps: firstly, after drying the
specimen to constant mass by heating it in an overgrihenassD is measured. Then the test
samples are placed in a pan of distilled water and boil for at least two hours taking care that
water cover them for all the tim&he specimens are placed in a wire loop that is suspended from
one arm of the balance in water and shepended massfor each sample is measured. The last
measurement of theaturated mas#/ is performed after blotting the specimens lightly with a
moistened cotton cloth in order to remove all excess of water from the surface.
We can calculate the exterior volume V as follows:

V=MT S (Eq.4.1)

So the bulk density corresponds to the ratio between the dry mass of the sample and its exterior

volume
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Bulk density= D/V = D/ MS (Eq.4.2)
The apparent densitys measured bysing Ultrapycnometer 1200e from Quantochronitdets
to measure the volume of solid materials by
our case) displacement anck ttechnique of the gas expansion. Helium is used its small atomic
dimension enables entry into pores, also with very small size.
The procedure to measure the apparent density is very simple and automatic: sample(s) is
introduced in a cell with proper dimsion (there are different size in order to measure sample
with different bulk), the helium is introdudein the system and a software calculate the
difference in volume between the empty and the full cell. The weight of test sample is introduced
manually.
By opening the valves to the sample cell, the system is brought to ambient prgssimeldeing
purged with Helium; the state of the system is defined as:

0 Qo & OYJY (Eq.4.3)
Where n in the number of moles of gas occupying volug@hé empty sample cell volume) at
P,, R is the gas constant angi3 ambient temperature in Kelvin.
When the solid sample of closed volume Vp is placed in the sample cell, Equation 4.1 can be
written:

0 Odw w & OYJY (Eq.44)
When pressurized to some pressure above ambient, the state of the system is given by:

0 Jw w & JYJY (Eq.4.5)
Where B indicates the pressure above ambient ancepresents the total number of moles of
gas contaied in the sample cell. When the valve opens to connect the added voluméehst
of the cell (in order to make a measurement in term of pressure difference), the pressure will fall
to a lower value Pgiven by:

00 w ® & JYJY ¢ JYoY (Eq.4.6)

Where n, is the number of moles of gas contained in the added volume when at ambient
pressure.

The term BV can be used instead ofRT, in the following equation:

00w ® w £ OYJY 0 w (Eq.4.7)
Substituting RV -Vp) from equation 4.0 withn,RT, Equation 47 changes

0O ® o 02w ® O W (Eq.4.8)

0 0 o0 W 0 0 (Eq.4.9)

Then
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W W (Eg.4.10)

This last equation (40} is further reduced by adding and substractipfyédm P; and B in the
denominator, giving:

0 (Eq.4.11)

Since Ris made to read zero, that is, all pressure measurements are relativg tqaafion
(4.11) becomes:

A R — (Eq.4.12)

Equation (4.12)is the working one used Bligrapycnometerl200e to measure the volume of
sample and the closed pores.
This equipment is used, not only to estimate the apparent density of laminate, but in addition to

calculate the desity of starting powder.
4.2.2 Mechanical properties test

4.2.2.1 Elastic modulus
Di fferent tests can provide a measure of Y o
between tensile elastic stress and its corresponding strain, following Hookel havmethod
used in this work is called Al mpulse Excita
transient natural vibrain on RFDA MF basic instrument, IMCE n.v. BelgiuRigure 46).

Figure A6 RF DA equi pment for Youngds modul us meas

The equi pment measures the flexural vi brati o
using the mass and the dimensions of the sample; following the formgléouserectangular
bar (according to ASTM E1876 abTM C1253901):

O ™otT pv— — 7Y (Eq.4.13)
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where E i s t he ;igthe Flegubaskfrequendyunh is the saniple mass,dnd t
respectively its length, width and thicknessg;ig the correction coefficierthat account$or the
finite di mensions of the bar, the Poissonbs

Y o @@y TRTMCEO - & ° A (Eq.4.14)

8 8 8 -

whereei s t he Poissonds ratio.
If the ratioL / t is greater than 20;; can be simplified to the following:

° 2,
T =1 46,58%% E (Eq.4.15)
(; -

andE can be calculated directly.

If Lti s smaller than 20, e i t h&rcan behcalculdted iwghsan n 6 s

iterative proces.

The vibration signal emitted by the sample is captured using a microphone and sent to the RFDA

(Resonant Frequency and Damping Analysis) software which display the resonant frequency.
4.2.2.2 Bending strengh

Threepoint bendingtests (Figure &) wereperformed adopting 40mm outer span and a €ross

head speed of 0.1 mm/min (Sintech 10 D equipment, UNI EN 658.3standard).

I y |

h
‘ Point of fracture
e

I
— @
(S

Figure 4.7 Configurationfor three point bending test.

Samples are in form of bars with a rectangular cross section and specifnsaims which
depends on the length of span of the flexural fixture according with AGTM6194(1996).

The specimen is placed between the span and then is applied a concentrated load in one central
point; the sample is in compression at the surfaceiposd in the load part and is in tension in

the rear surface part. This test gives information about the flexural strength by the following
equation:

_3PL
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Where 0 i s t heéthélbadkisithespan lerh,b is thegwidth of the sample and

dis the thickness of the specimen.

4.2.2.3 Microhardness measurements
Indentation is the method used to determine the hardness of materials that consist in quantifying
the resistance of a surface to the penetratiom lhgrder object.
Several methods have been developed taedmain ones are Rockwell, Beilhy Vickers and
Knoop; recently also nanoindentation techniques have been developed. Each method requests a
specific geometry and size of the indengespecific egation, and presents also specific load
conditions.
All these tests can be useful to give information about the effect of a specific fabrication process
or a thermal treatment; moreover they are often used for quality control and correlation with

other poperties of the materials.

& %

1365

Figure 4.8 Configurationfor microhardness test

In this thesis, Vickers hardness test (ASTM H22 was used (Figure 8). Specifically
microhardness (HV) of ceramic multilayer was measured using a LEICA micro HV indenter
with a load of 50g or 100g for a dwelling time of 10 s. At least 10 measurements were performed
for each specimen, in order to obtain statistically representative results. The test consists in
penetrate a surface under investigation by an indenter, in tresacasamond pyramid with
squarebase that forms an angle of 136° with the opposite. §he force applied is knowand

by measuring the surface area of the imprint (the operator msa$ie imprint diagonal length)

themicrohardnessan be calculated lihie simple geometrical formula :
8 O

Ow (Eq.4.17)
Where P is the applied load and L is the length of indentation along its long axis.

Vickers hardness test should be independent of the load, except in case of smg@blpads

4.2.3 Oxidation test
Thermogravimetric Analysis (TGA) lets to heat a material with a controlled rate in a specific

atmosphere and record the variations of the weight occurring. The used equipment mainly
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consists in a heated chambeith an electronic microbalance where the sample is placed, a
control thermocouples, a vacuum system, gas entrance and outlet and a cooling system.

This equipment can reach 16@and can operate in different gaseous flux such air, nitrogen, or
argon.

Small samples with size of about 3x3x1.8 mm were cut by sintered ceramic bars and submitted
to oxidation test. TGA were carried out on a Metlletedo TGA/SDTA851e equipment: each
sample underwent two subsequent oxidation cyclaghvconsist of heatingpito 1600°C
(constant rate of 10°C/min in flowing air of 50 ml/min) and cooling down to room temperature
(cooling rate 18°C/min).

Moreover TGA were also performed on green tape made of 100%SiC and
80vol%ZrB,+20vol%SiC in order to study the decompositiontlee organic components in
ceramic films with different composition and in addition to compare it with the degradation
process of the pure Polyethylenglycol and Polyvynilbutyral. The treatment was done in similar
conditions respect to the debinding cyclegom room temperature to 600°C (complete
degradation of organic compounds) with a constant rate of 1°C/min in flowing argon of 50
ml/min.

Laminates (bar§5x12x1.8 mm in sizelere also submitted to lorngeriod oxidation treatment:

this isothermal oxid&in test was performed undgaticair at the temperature of 1600° C for 24
hours in a Carbolite HTF1800 oven. A refractory frame with SiC fibers stretched between
refractory supports was put inside tlaege furnace chamber. The specimens were hung by
positioning them on the SiC fibers in order to avoid any contact with the walls of the oven. After
long time oxidation the morphology and the microstructure of the specimens were investigated
and compared to that of the-pocessed materials. Most of thegmgecimens (especially those

with the higher content of ZeB swelled and lost their regular shape because of the emission of
gaseous oxidation products and the formatibborosilicate glassy pka (with low viscosity at
1600C) during this oxidation tratment. For this reason it was not possible to perform
mechanical tests on these oxidized specimens according to current standards, which would be
required for investigating the mechanical feature changes resulting from oxidation. In fact
machining wouldoe necessary in order to recover the geometrical shape needed for mechanical
test, but machining would also remove the external part of the oxidized specimens and therefore
would change the overaltomposition of these specimenBherefore less severe omiibn
conditions were adopted in order to keep a suitable geometrical shape for oxidized specimens.
The 24 hours isothermal oxidation treatment was thus repeated at 1500° C on the laminates less

sensitive to oxidation owing to a limited content of ZiEaminates with composition: 100 %
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SiC, 80%SiGC20%ZrB, and 60%Sic40%ZrB,). The mechanical features of these last specimens

were investigated.

4.2.4 XRD analysis
The composition of laminates is checked byray diffraction (Philips PW 1710, GKU
radiation) fetween 20 and 80° @ The Xray pattern of the sample surface was compared with
that of the powders obtained by milling the samples in order to investigate any possible
composition difference between the surface and the core of the specimens, posslbhgre
from surface contamination.
XRD method is based on the Bragg Law:

na= 2d sind (Eq.4.18)

wheren is an integer number (generally &)s the wavelength of the incidentRay radiationd
is the incident angle ardlis the distance betweéttentical planes reflecting the radiation.
When a photon incises with angteon several atom planes separated by the distdnee
diffraction will take place thanks to the constructive interference between the photons and the
atoms. From the distancesrelative to each family of planes of a material and considering in
addition the intensities of the diffracted b
the atoms disposition in the crystal cell. All the diffractions of all the lattice planeate a
pattern of diffraction signals that is specific for every maté&a).
Since always-< 2d, the wavelength must be rather low; for this reason X radiation is used to
excite the sample.
X-Pert HighScore is the software used in this thesis in order to elaborate the intensities in
function of the diffraction angles and then identify andneate the promising phases from the
PCPDFWIN database (containing an extremely high quantity of identified and standard
patterns). It is possible making a comparison between the experimerdagl pattern and the
reference ones.
For analgis of very small eea on multilayer laminates after oxidation test;rax
microdiffraction analysis was performed by usiRggaku D/MAX diffractometer (CtKy
radiation witha=1.54056 nm and at a generator voltage of 40 kV and generator current of 20
mA) at a fixed 10° angle and rotateli angle betweer30° ard 30°. Angles between 10° and
90° (2d) were then considered in order to elaborate the XRD spedtia.particular device
worked with a collimator (100 and 30m is used in this work) which allow to obtain a
collimated X ray radiation for the analysis of snedimples or of small area wigrecision and

accuracy.
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4.2.5 Microstructure observation
The poished surface was observed both by optical microscope (Reichert Microscope, Austria)
and Zeiss Assing Supra 25 Field Emission Scanning Electron Microscope; the SEM is equipped
with an highresolution EDS probe Oxford 7353 EDS, in additio the SE and BSéetectors.
The fracture surface was observed on Zeiss Supra 25 Field Emission SEM.
The size of crystal grains cdoe put in evidence by SEM observation of the fracture surface of
specimens submitted to mechanical test or by SEM and optical microscopaati@mof the
cross section of the specimens, after polishing and thermal etching.
Scanning electron microscopy (SEM) dethe observation of heterogeneous organic and
inorganic samples on a micrometric and nanometric scale obtainingdihteasion likemages.
The samples are irradiated with a highly focused electron beam; the interaction between
electrons and specimen surface could generate different signals such as secondary electrons,
backscattered electrons and characteristimy§. These can be alited in dependence of the
specific emission volumes within the sample and can be exploited to investigate different
samples properties, e.g. topography, composition, crystallography, etc.
The equipment is divided in four main parts: éhectron columrithe most conventional gun is a
tungsten wire of 0.25 mm of diameter as electron source, where the tungsten filament is heated
to approximately 2500°C), thspecimen chambgerthe vacuum pumping systemnd the
electronic control of the imaging system
The ekctrons are attracted to the anode by a positive voltage (in a range from 5 to 30 kV) which
can be controlled manually by the operator and it is usually arou@@ kv.
The vacuum system usually works at*1@a and provides the conditions for the beanbe
scattered by gas atoms. The magnetic lenses have the function to focus the electron beam on the
sample surface; it can be adjusted by the current changing the working distance.
The signals of greatest interest for the image elaboration in the&rchsactivity are mainly the
secondary electrons (SE) because their variations are strictly linked to changes in surface
topography and they give information on sample surface morphology. They have low energy,
and by putting an electrically charged grican¢o the sample, it is possible to convoy them all
toward a sensor, that counts their num&e secondary electron emissiorc@fined to a very
small volume near the beam impact area and it alltavobtain images with very high
resolutions.
Moreoverit is possible to perform chemical analysis with SEM equipment by measuring the
energy and intensity distribution of therays generated by the electron beam. One of the most

common xrays detectors are the so called Endbjgpersive Xxray Spectromete(EDS). In
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EDS, the impact of a X photon on the sensor generates an eleoteonouple with an energy
proportional to those of the photon.

After passing through a thick beryllium window €8n) the Xrays are detected by Silicon

diode; this is generally cooled to reduce noise. The analysis of the spectrum can ensure from a
gualitative to a sermjuantitative chracterization of the specimefi$e qualitative identification

of the elements ipossible assuming that each element emits amayXwith a specific
wavelength. On the contrary, the quantification of the elements is quite difficult: the calculations
are much more complex, because it is essential not only to integrate the peaksop hat als
calculate the background signal, use correction for atomic number, fluorescence, adsorption (the
so called ZAF correction) and tare the system with a known standard. The surface must also be

extremely flat to avoid morphology effects on tignal.

4.2.6 XPS techniques
XPS is based on Photoelectric effect, so it involves the excitation of sample with photon which is
absorbed by an atom in a molecule or a solid leading to the ionization of it and the emission of a
core electron. The analysis of the Kineenergy distribution of the emitted photoelectrons is
used to investigate the chemical composition and the electronic state of the sample surfaces.
In this thesis the scale growing on oxidised ceramic laminates is studieddyypkotoelectron
spectrascopy (XPS PHI 5000 VersaProbe) with a monochromatik Btadiation. XPS analyses
were performed by using an-pdy spot about 10@m in diameter. Dedicated neutralization
system was employed in order to avoid charging effect on the samples during analyses
consists in an electron gun, combined with positive Argon ion gun, in order to increase his
efficiency. Calibration of XPS equipment was performed by matching the literature binding
energy values of Au 4f7/2, Cu 2p3/2 and Ag 3d5/2 peaks.

4.2.7 Dynamic light scattering
The processing of laminates integrating composite layers in between SiC ones presented
difficulties coming to the use of starting powders with very different particle size, (ZaB
average dimensions of 2,2/ while SiC only 0,5%m); this cause the development of stresses
and the consequent failure of the multilayer.
In order to overcome this probleimhas been made a milling of ZrBtarting powder in order to
homogenize ZrBand SiC particle size and thevaluate the effects on the material densification
degree and mechanical properties.
The milling is performed by using an high energy milling system equipped with Tungsten

Carbide elements.
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The investigation on dimensional distribution of particle sg@erformed byDynamic light
ScatteringZetasizer Nanoseries ZS90, Malvern Instrument).

The measurement is based on the interaction betwessnachromatiand coherent radiation

and the particles when a laser beam passes througtispersion of paitles in a liquid

produces a signal of scattered light . In dynamic light scattering, the speed at which the particles
are diffusing dug¢o Brownian motion is measureBigger are the particles slower the Brownian

motion as shown in FigureSt.

By measurig the rate atvhich the intensity of the scattered light fluctuates when detected (using

a suitable optical arrangemenihd c ompar i ng t he sampl eds scat

appropriate optical model, it is possible to estimate the particle size disinibut

Intenuity

Time

Figure 4.9 Intensity of scattered light in function of the particle size.

4.2 .8 Emissivity test
The EMF facility is shown in Figure 41 themeasurements consisted of the following steps:
- The sample was placed in the sample holder on on®f&ttle blackbody cavity.
- The vacuum vessel was evacuated and then filled with the selected inert gas (argon for our
investigation)
- The cavity was then resistively heated up to the desired temperature; varying the electrical
current it was possible to @asure the emissivity at different temperatures; it was constantly
monitored by a pyrometer.

2. Cooled access
window

3. Vacuum tank gl U —
4. Pneumatic piston I
5. DC Power supply { ]ﬁ
6. Argon supply Ny I*[A“ i
Pyrc m|.1.u ST Axial shift = 250 mm
electronics L 1
8. Control unit 2 1 E
9. Data monitoring

10. Two stage vacuum
System
11. Power control unit

Figure 4.10 A) EMF facility andB) Moving piston
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Thanks to the exchange of radiation the sample reached a thermal equilibrium with the cavity, so
when the temgrature was stable, the sample was shift on the opposite site of the cavity where a
second temperature is taken.
According Stefan Boltzmann law:

Y n O Jy (Eq.4.19)
Where Sos i was the signal of pyrometer inpiosi ti on [ V] , 0 was t he
[Wm?K™] and Toosiwas the measured temperature at that position [K].
The ratio between signals was

(Eq.4.19)

As the shift is isothermal (&=S0s), the emissivity can be calculated by the ratio of the two
signals or by the apparent temperature drop:

S &A %8 JT

- h (Eq.4.20)

h

Following the experimental conditions are reported:
Power supply

Applied current: 3G 520 A

Generated power: 1004900 W

Blackbody cavity

Dimensions: 4650 x 250 mm

Materid: Graphite, roughness 0.2

Gas environment: Argon 4.8 (99,998% purity) at 1.2 bar
The choice to do the tests under Argon atmosphere was due to the fact that inert atmosphere
minimize the oxidation process in addition to keeping more stable and reprodtiable

measurement conditions.

Piston

Moving speed: 1.15 m/s (time from position 1 to 2 < 0.2s)

Girl pyrometer IRM5 (106G 3000 °C)
Measurement rate: 5 Hz
Calibration: from 100 to 1500 °C atZ2 m

Resolution: < 1.5 mV (0.4 K)
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Chapter 5
Multilayer based on ZrB,/SiC system: processing and mechanical properties

Transition metal borides such as Zdhd HfB, have a melting point higher than 300046t it
makesthem candidates for use as structural materials at temperature above 1800°C. Within the
family of Ultra-High Temperature Ceramics, they show a unique set of mechanical and physical
properties, including high melting points, high thermal and electrical conductivities and chemical
inertness against molten metd&/; 19; 58) ZrB; is reported to have excellent resistance to
thermal shock and to oxidation compared to othermade structural ceramid$9); moreover

it shows the lowest theoretical densitynong UHTC(dzs,=6,09g/cnt compared to @s2:11,2

g/cnt) which makes it attractive especially for aerospace application.

The use of this singiphase material for higtemperature structural applications is limited tsy |

low intrinsic sinterabilityand poor oxidation resistaa(60; 61)

Some compourglare so added in the slurry formulation as egiimig aids in order to improve
densification degree, mechanical properties and oxidagbaviar; obviously all these material
characteristicare closely linked to the chemical composition, the microstructure and the added

intergranular second phase

5.1 Sintering aids for ZrB,

Many studies have been done on different compounds in order to use them as sintering aids for
ZrB,; these additives cabe divided into two main groups on the base of their activity
mechanism:

-Liquid phase formersuch as refractory metals and disilicides of transition metals.

The addition of metals such as Ni, Co, Fe in an amount higher than 2wt% increased the
densificdion degree thanks to the formation of a liquid phi@ & 63; 64) It has been reported

that the addition of MoSiwas beneficial for the densification and microstructure of the-ZrB
based compositd$5). this sintering aid hindered the ZrBrain growth. Moreover thanks to its
ductility at temperatures over 1000°@e MoSp phase can accommodate among the,ZrB
particles filling the voids left by the ZgBskeleton and favouringné formation of a material free

of porosity. In additiorSilvestroni et alshowed that ZrBsamples containing MoSin the range

from 5 to 20% tested at 1200°C and 1500°C in air were found to be coated by a protective silica
layer formed as a consequerééoSik, oxidation(66; 65)

This silica layer could have acted as a grain lubricant for particle rearrangement during the initial
stage of densification, and formed liquid phases, through reaction with surface pmesiest in

the starting powders (&oron oxide).
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ZrSi, additionlowered the sintering temperature of Zr&eramics: according tGuo et al (67)

the SiQ present on the surface of Zg$eacted with BO; on the ZrB startingpowder to form
anintergranular liquid phasthat favored grain rearrangement as well as improved the packing
of particles.

- Reactive agentsuch as carbides ar@hrbon.Oxide impurities present on the surface (mainly
ZrO, and BOj3) of starting powder ha/been shown to inhibit densification and also to promote
grain growth in the nowxide ceramic system; these kind of aids reacted with the oxide

impurities improving the densification process.

Sintering Sintering (rlgzll: fit:;:c Bending | Elastic
Addtives condition densit Strenght | modulus | Reference
[Yowt] [Yowt] (%] Y [MPa] [GPa]
ZrB; (no aids) 83.0+1.8 165+14 | 337+15 | Experimental
4C 2200°C/30 min | 83.2%1.5 229+16 304+£8 | Experimental
STiC 91.9+1.2 267+40 | 438+17 | Experimental
1700°C/60min | 49.1+2.0 | 42.24+0.9 - Experimental
- 1850°C/5 min 82.6+5.3 181+20 311+£9 | Experimental
2 1700°C/60min
N 10ZrSi, +2200°C/30 84.4+5.0 94422 3179 | Experimental
min
1650°C/60min 95.7 - 405 (14)
0,1B R . .
+03C 2200°C/30min | 92.9+£1.0 277+15 44449 | Experimental
B 2200°C/30min | 84.6+1.5 153+17 377+8 | Experimental
2100°C/120min >99 519+£31 - (29)
0,4B,C 2200°C/30min 84.0£2.0 238*15 35249 | Experimental
% +3C 2200°C/120min 98.2 382424 | 405+34 (38)
;_3 1B4C 2200°C/30min | 85.0£2.5 221£16 362+8 | Experimental
S +3C 2200°C/120min 99.8 301+4 391+11 (38)
S [ 2,7vC+0,1B
+ ’ +0 3C, 2200°C/30min | 93.7+1.3 167429 | 426+20 | Experimental
& :
N [ 3PVEROIB L 5000c/30min | 882415 | 214226 | 419415 | Experimental
= +0,3C
E 5,2VC+0,1B | 2200°C/30min 86.6+1.5 186423 390+12 | Experimental
S +0,3C 2200°C/120min 99.0 S11+70 454+9 (20)
PHCIP | 2200°C30min | 83.6+1.7 | 236460 | 314223 | Experimental
2,3Si3Ny
+0,1B 2200°C/30min | 91.2+1.2 191+£31 | 434=11 | Experimental
+0,3C

Table 5.1: Properties of ZrBand ZrB/SiC laminates: compeon between experimental and literature data.

Both of Boron carbidg68; 69)and Tungsten Carbid@0; 60)reacted with Zr@ The addition
of 4wt% B,C produced almost fully densgrB, at 1850°C in vacuum without pressure

assistance. On the other hand the addition of 4wt% W&ldetach density acd95%, but only
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for sintering temperature higher than 2100°C. This difference in sintering temperature was due to
the different onsedf the reactions of aids with the surface impuritiBise densification process

was more effective for a combination af@Band C than for BC alone(71; 72)

Vanadium Carbide resulted more efficient in removing the surface oxide impurities of ZrB
compared to WE73),

The most common additive for ZgBvas Slicon Carbide; its addition improved the sinterability,
inhibited grain growth and increased the oxidation and ablative resig@&hc&d; 75; 76)

Starting from thestateof-the-art on sintering adiives used to obtain pure ZsBnd ZrB/SiC

based materials with very high densification ded@eeressureless sintering procassused)

this work focused the attention on few of these compounds verifying the effects of their addition
on multilayer ceamics.

The outcomes of the screening of sintering additive wenemarized in Table 5.I. The
densification of ZrB without any sintering aids resulted in a material with high residual porosity
which justified the low mechanical properties such as elasdidulus and bending strength. On

the contrary of what reported bylishra et al.(77) the addition of Titanium Carbide in an
amount of 5wt% was not detrimental for sintering of ZriBie relative density reached almost
92% and he mechanical properties increased significantly. The addition of 4wt% of Carbon
improved the physical and mechanical properties of sintered material; it prabadihe to
inhibit the grain growth of ZrB(77).

On the basefgromising results obtained I8-Q. Guo et al(67) showing an almost fulliense

ZrB, material in presence of Zirconium Disilicides as sintering aids and pressureless sintered at
1650°C for 60 minutes, the effect of the adshtof this compound Isbeen studied.

Laminates containing 10vol%rSi, have been sintered at 1700°C for 60 minutes: the results was
a very low densified multilayer with poor structural integrity. Laminates with the same
composition were then sintered1a@50°C for 5 minutes and in twgieps process respectively at
1700°C for 60 mutes plus 2200°C for 30minutesni the sintering process in two steps let to
obtain material with acceptable properties, even if lower than those obtained with othergsinteri
aids such as Titanium Carbide: besides the geometrical density (82.5%) the apparent one was
measured obtaining a value of 92.3%. In addition to a relevant improvement in densification
degree, the mechanical properties such as elastic modulus and ndoesisa increased
significantly. Only the bending strength resulted underestomgebably due to the residual
porosity of the material.

Relative geometric density (respect to the theoretical one) in the rang8483.%ere obtained

for ZrB,/SIC composi laminates using different sintering additives: B+C; B;VC+B+C;
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SisN4+B+C. These values were lower than those expected for monolithic ceramics: they can be
easily explained considering both the surface roughness which greatly affected the calculated
geometic density of such a thin specimens, and the approximation of the sample shape to a
regul ar parall el epiped didnot take i nto accc
dimensions.

The addition of a mixture oBoron andCarbon (the amount was calated respect to SiC
amount) allowed to obtain not only a very high value of relative density, but also the highest
bending strength and elastic modulus. The addition of these two compounds in a small amount
was reported to be necessary to activate thersigt process of SiC as well as to improve the
physical and mechanical properties of the comp@s&gl6; 17; 79)

It is generally believed that during the sintering process Carbon reacts withtiegocontaining
Oxygen (for instance with the SjQrovering the surface of SiC particles) thus limiting the
presence of oxides that can melt at high temperatures.

Stobierski et al(16) reported that the rule @arbon in thesintering process of Silicon Carbide

was different in function of the temperature. In the range 14QBUD°C, so at temperature
much lower tha SiC sintering one, the presenceGsdrbon promoted the chemical bonding of

the volatile products such as Si & and onlyCarbonMonoxide is transferred to the gaseous
phase. At higher temperature, between 1600°C and 2000°C the rGkrladn was mainlyo

limit the weight losses and arrest the grain growth process. Boron is believed to active the
sintering proess by promoting the formation ofBoron-Silicon-Carbon liquid phase when its
addition was higher than 0,5¢b67); however the liquid phase was only in a very little amount. In
fact for high temperature required in specific T&plications, the formation of a liquid phase
should be controlled and limited since the protection systems epaté&&mperatures even
exceeding 2000°C and have to keep suitable mechanical featuresthlsaextreme condition.

The presence o¥C in additionto Boron and Carbon let to obtain a laminate with very good

relative density, high elastic modulus, but quite low bending strength.
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Figure 5.1 Micrographs by SESEM (polished cross section) of the specimens with compos$ien|%ZrB, +
20vol%SC plus different sintering aidsA) 0.1%Boron+0.3% CarborB) 1% Boron; C) 1% Boron Carbide+3%
Carbon; D) 2,7%VC+0.1%Boron+0.3% CarbongE) 5%Titanium Carbide+0.1%Boron+0.3% Carbonk)
2,3%Silioon Nitride 0.1%Boron+0.3% Carbon

The additionof a mixture ofBoron andCarbon was then adopted for processing specimens
containing ZrB and SiC.

The comparison of SEM micrographs laminateswith composition 80vol%ZrB+20vol%SiC

plus differentsintering aids (Figure 5.1) muin evidence differences in microstruce: ZrB

grain growth resulted particularly evident in presence of 1% Boron where the final grain size
were four times bigger than the starting powder dimensions. It was in agreement with the
microstructure of material with equal chemical composition ntepoby Wang et al (80):.
composite samples with 1% and 2% amount of Boron and sintered at 2100°C showed fine
microstructures with similar components grain size. Increasing the sintering temperature to
2200°C, both the ZrBand SiC grainsgrew up: for addition of 2% odBoron the average ZB

grain size was 34% larger compatedthat observed for theddition of only 1%Boron. The
distribution of SiC and additives resulted homogeneous in all the microstructures; the black spots

corresponded to residual porosity.

5.2 Laminates based on ZrB/SiC system

In this research activity a systematic study on laminates with differentSi€Brelative amourst
has been done with the aim to optimize the composition in function of the phgsidal
mechanical properties. Ceramic laminates were prepared using SiC andh f8centages
ranging from 100%SiC to 100% ZsB
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5.2.1 Microstructure

The size of crystal grains was characterized by examining polished, chemically or thermally

s
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of polished cross sectidhaminates with composition A) 100%SiC aBjl
100%ZrB..

A wide grain size distribution was observed: the microstructure of SiC multilayer consisted of
few small polgonal grains with an average grain size of 2 um and manyikedgrains with
length between 6 um and 20 um and aspect ratio ranging between 3 and 7.

In the case of ZrBlaminate only polygonal grains were observath a maxmum grain size of
a24pymand a mi ®umum of &

Evident crystal grain growth occurred during sintering at 2200°C, in particular in the case of SiC
multilayer; it has been observed also in the composite microstructures, but the growth of ZrB
grains seemgower on average. In this last case both polygonal crystals (with size ranging
between 2 um and 24 um) and flike grains (length up to 20 um) were observed.

Figure 5.3 shows the microstructure of laminates in the entire range of composition from pure
SiC to pure ZrB.

The microstructure of specimens with a 100%SiC (Fig. 5.3A) and 10024Eigure 5.3D) was

not completely homogeneous because of the presence of graphite and residual porosity. On the
other hand the microstructure of composite laminatesbeged on an homogeneous mixture of

SiC and ZrB crystals (Fig. 5.3B and Fig.5.3C): the SiC grains resulted elongated and were
regularly dispersed in ZgBgrains. Residual porosity in composite laminates was more likely
found at the interface between S6d ZrB.
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Flgure 5.3SEM .|mages of pollshed surfacklaminates W|th composmom) pure S|C B) 60%S|C40%ZrBZ
C): 40%SiG60%ZrB;; D): pure ZrB.
EDS analysis (Fig. 5.4) proved that the light grey phase consisted gfafii® the black one
mainly consisted of SiC; the graphite inclusions were present too and they appeared in a dark
color. Any reactiors occurred between the two main gooment during the densification, in fact

there was not observed the formation of other phases.

S1

Zr opm’ B [opm’

Mfopm’
Figure 5.4ElementsEDS maps of cross section surface of laminate with compo&itigs5iG40%ZrB,
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5.2.2XRD
The X-ray diffraction patterns of laminates with different Z1&C ratio were reported in Figure
5.5; they showed the presence of peaks mainly belonging ton8iZr&, phases, whose relative
intensities were strictly dependent on ratio between the two main components .
Also the peak corresponding to graphite can be observed in most of the sample suegice X
diffraction patterns. The highest intens@arbonpeaks wereobserved for pure SiC laminate
actually 3 wt% ofCarbonand 2wt% of Boroncalculated with respect to the SiC amounteha
been added as sintering fitb the slurries of pure SiC and of composite one. A very low
intensity peak of graphite peakas also observed in the diffraction patterns of laminates with a
low content of SiC: its presencemes from the thermal decomposition bfnder and plasticizer
occurring during debinding treatment whicHtla carbonaceous resid81). In addition a
contamination of the sample surface w@arbon could occur also during sintering, since both
the chamber and the heating elements of the sintering furnace were made of graphite. However
no significant difference between therXy patterns of the surface and those obtained for
powdered specimens was observed.
X-ray diffraction confirmed what it was just shown by EDS analysis: any reaction occurred

between SiC and ZgBluringthe sinteringprocess

A OB,

Y ®
® ® sic 100%SiC
0% o * ¢ A
MLL?' ik o 9%

= | I 60%SiC+40%ZrB:
g L A A A T
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Figure 5.5XRD diffraction patern of laminates surfacpure SiC; 60%Si€l0%ZrB;;
40%SiG60%ZrB; ; pure ZrB.

5.2.3 Density
In Figure 5.6 were reportetie relative geometric, bulk and apparent density of laminates with

decreaing amount of Zr@
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The geometric density values wergvays underestimatedith respect tahe bulk and apparent

ones: thisvas because of the error in considering the sample as a regular parallelepiped; all the
multilayer were cut manually, so the opposite faces could be not perfectly pafallebver the
presence of surface roughness limits the precision in measuring the samples dimensions.

The residual porosity coradrom the thermal decomposition of organic components occurring
during debinding treatment which was not completely recovered duringntieeirsy process. In
addition an enhanced degree of microporosity was expected to remain at the interfaces between

the layers stacked in a laminate structure.
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SO T T T 1
0 10 20 30 40 50 60 70 g0 90 100

SiC amount [vol%]
Figure 5.6 Geometri¢ Bulk and Apparent density féeminates with increasing amouoitSiC.

The addition of C and B improved the densification of multilayer containing pure(&iC82;

79) but they also helped the sintering of Z#8iC composites where SiC was present as major
componen However vhen the main component of the composite becomes Zimilar
densification degree can be observed: the presence of SiC improved the densification of the
ZrB, composite matrix, as was previously reported in litera(88s 75; 57). ZrB, multilayer
processed without the help of any sintering additive showed the lowest density value which

confirmed its poor intrinsic sinterability.

5.2.4 Mechanical properties
Figure 5.7 shows the effect of the cheaticomposition (ZrBSiC ratio) on elastic modulus,
flexural strength and microhardness.
Most of literature reported elastic modulus of hot pressed @tBvas the most used sintering
process because of its poor sinterability), whose values were rartge from 35@GPa to 530

GPa in function of the porosity and the used additives.
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Figure 5.7 Mechanical properties laminatesth increasing amount of SiC

Some reference handbook$84; 59) r epor t ed t h aulus of duliyn dedsdgied mo d
polycrystalline ZrB (obtained by hot pressing process too) without any sintering additives was
in the range 48%00 GPa.

In literature it was possible to find many characterization of,/8i& based composite sintered

by hot pressg: their elastic modulus has been shown to be in the rangd8bGPa(85; 86;

87; 88) so slightly lower thathat ofpure ZrB.

In our investigation the elastic modulus was found to increageanlinear trend in function of

the increasing amount of ZsBip to 90vol%; then it decreased to the lowest value (337 GPa) for
pure ZrB. This trend is in accordance with the
influenced by the presence of peity in the material which resulteglite high for pure ZrB.
Moreover our laminates with composition 80vol%£8vol%SiC had a higher elastic modulus
(444 GPa) respect than 382GR®) and 374GPg90) shown for composite with the same
composition obtained by pressureless sintering.

Without combining high temperature and pressure during sintering process it was not possible
obtain fully dense ZrB thereforethe residual porosity had a great imfiice on the mechanical
propertiestoo, first of all on the elastic one. In order to obtain almost full dense pressureless
sintered material and exploit all advantages of a so produced material in structural applications, it
was necessary the addition ofCSwhich les to obtain a good performance material (good
physical and mechanical properties).

Even if many attempts have been done in order to make a prevision of elastic modulus for
composite containing particles (many models exist for composite comtdibers) on the base

of theoretical dissertation, rane of these models resulted completely coherent with the
experimental results. For this reason we can use only-a@phirical models such as Couto

equation(91; 92)
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— (Eq.5.1)

Where Ewasthe ZrB[Si C composi t e Ywas thgvolume frattion af garticley

Em and E were elastic modulus of respectively matind particles.
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Figure 5.8 Elastic modulus of composite with different ZrBiC ratio: comparison between experimental and
Coutod model values.

Figure 5.8 putsn comparison the prevision of elastic modulus obtained by Couto model and the
experimentalalue: for all the compositions it was evident that the experimental values had the
same trend (elastic moduldecreasd with increasing of SiC content in the composite) respect

to the model one, but they were alwaysatetha n Cout oé6s previ si on.
Moreower the bending strength and the microhardness of investigated multilayer resulted lower
than those reported in the literature for hot pressed SiG,afid composites made of a mix of
them, but the bending strength had consistent values than those af senédmics produced by
pressureless sinterir{g3).

Pure SiC multilayer and composteith different relative amount of SiC and ZrBhowed

similar bending strength values in the range B/Ha365 MPa without a strictly conradion

with the chemical composition. On the contrdry, et al.(93) showed that the positive effect of

SiC in the sintering process was counterbalanced by the agglomeration of the SiC particles
(which progressively increasaslith the SiC percent increasing). These two opposite effects
resulted in a maximum strength observed when the SiC content in the composite is around
20vol%.

Bending strength alues ranging between 23@Pa and 519MPa have been reported for
80%ZrB,-20%SiC composite obtained by pressureless sintering, depending grebenceof
differentsintering additive$38; 89; 90)
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Nevertheless it was very difficult comfrag mechanical features of ceramic materialshvso

many different characteristics: for example the bending strength of sintered SyGndrEheir
composites greatly depends on the processing method, the material microstructure, the
configuration used for the test and the size of the samples.

On the other hand the materials to be used as the component of the TPS facing the atmosphere
were not required to display very high strength, being their oxidation resistance the main
concern.

Literature data dealing with the hardness of fully dense SiC aBd \Were widely scattered:
hardness values between 27 andz8a and between Z5Pa and 2% Pa have been reported for

SiC and ZrB respectively59; 94; 95)

The hardness values measured in this work for Sidtar#tB,/SiC composites ranged between
16.9GPa and 25.%Pa They werdower respect the value reported in literature for hot pressed
materials: reasonably the residual porosity and the presence of graphite lowered the hardness of
laminates.

On the othe hand for composite with composition 80%ZB%SiC the hardness wag.5

GPa, that isslightly higher than those reported in the literature for ceramics with the same

composition and densification meth(@®; 90)

5.2.5 SPS densification process for ZrBand SiC laminates
In addition to the pressureless sinterigpark Plasma Sintering is an alternative method to
densify ZrB based ceramics as previously discusse®ewtion3.3.6 Tecnalia was able to
perform thiskind of process on the SiC and ZrBiultilayer prepared by tape casting technique

in Politecnico of Turin.

-
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Figure 5.9 Microstructure of A) SiC+2wt% BC and B) ZrB+2wt%B,C+1wt%B sintered by SPS at Tecnalia
The microstructure in Figure 5.9 shows thegence of higher porosity in case of SPS sintered
Silicon Carbide respect to the ZrBased material; probably the addition of Boron Carbide was
more effective in former case respect to the second one (take into account that,fa ZrB

combination of BC and C were used).
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Sintering Temperature

Relative Geometrical

Material Sintering Process o Density [% of the
[°C] -
theoretical |

SiC +2wt%B4C SPS 1850 91

SiC +1wt%B +3wt%C PS 2200 92

7rB; PS 2200 82

Z1Bs +5wt%TiC PS 2200 92

Z1Bs +2wt%B4C +1wt%B SPS 1900 94

Table 5.1 Comparison between SiC and ZBased multilayer sintered by SPS

In SPS process of both SiC and ZitBe temperature used to obtain the maximum densification

degree mainly depended on the composition: for SiC the maximusifidation was obtaining

using a sintering temperature of andul850C, while for pure ZrB was necessary to reach

1900°C. B,C, TiC, C and B were used as sintering additives, but any significant difference in

term of densification degree was observed [@abll). In all cases the geometrical density of

materials densified by SPS or PS was higher than 91% respect to the theoretical one; the lowest

value resulted for pure ZgBintered by PS.

5.3 Laminates with alternate ZrB,/SiC and SiC layers

The concepof multilayer integrating ZrBSiC composite layers in between SiC ones was born

from the crescent interest in developireusablethermal protection system whidk able to

withstand critical conditions for repeated aerospace missions. Silicon Carésdene of the

most used material for this kind of applications; unfortunately its limitthesemperature range

of use. he oxidation of SiC involved the production of a Si@yer which protected the

underlying components from furth&@xygen penetrationFor very hightemperature (above

1600°C) this passive layers melted and could be easily consumed aed aamty due to the air

friction during the vehicle rentry in the Earth atmosphere. Moreover, in particular conditions of

high temperature and lo@xygen partial pressure, SiC dargos active oxidation. A TPS with

an external

| ayer made

temperature (up to 2000°C).

of

onl

y Silicon

Car bi

When the SiC layers are damaged the underlying/2i8 layer can prect the vehicle structure

slowing down the diffusion ofOxygen and so improving the oxidation resistance of the

laminates.

The aim wado verify the feasibility of a laminagawith this particular configuration and then

characterize the sintered matefraim physical and mechanical point of view.
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The most important design parameters tfis kind of laminates were chemical composition,
thickness, number and position of the interlayers: tape casting is the processing technique able to
controland regula all the mentioned parameters.

The choice wago use a composite with composition 80vol%ZEVvol%SiC on the base of
previous results which showed that this material represented one of the best compromise in term
of density and mechanical properties; sawer this composition was the most studied in
literature for aerospace applicatiq®®; 87; 22)

The multilayer were prepared stacking 10 layers with a doctor blade height set on 1 mm (the
same parametergspects to the specimens previously sintered and characterized, in order to
compare similar materials with a thickness of abeit5lmm): 8 layers were made of SiC and 2
were constituted ofomposite (Figure 5.10). The introductionasfly two ZrB,/SiC layers was
justified considering that no prexisstudies were made on a so assembly samples so it could be
not cautious introdurg an high number of interfaces SiC/composite into the material without
knowing the effects of #seon the material propertiesMoreover a symmetrical structure can
balance the opposite tensional states present in layers with different properties.

3(100%SiC)layer

——> 1(80v0%ZrB,+20vol%SiC)layer
} 3(100%8SiC)layers
I > 101021, 20vol%SiClayer

3(100%8iC)layer

Figure 5.10Configurationof multilayer integrating SiC and ZsBSiC composite layers

The specimens were submitted to two heat treatsa the first one up to 800°C in order to
remove the organic components from the slurry and a squ@sgureless sintering at 2200°C
for 30 minutes. The microstructure $érie 1sintered sampleare shown in Figure 5.11yhile

the density values and etenical propertieare summarizeth Table 5.1I.

X184 18B8mm - 12 5w °F1
2 o))

Fig 5.11SEM images of polished sectioasmultilayer belongindgerie 1.
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Geome?rlcal App arfent Elastic Bending
density density
modulus strength
[% of [% of [GPa] [MPal
theoretical] theoretical ] a a
Serie 1 72.3£5.6 88.7£2.4 209.4+27.3 106.8+14.3
Serie 2 75.3+8.3 90.2+3.3 310.1+27.6 263.3+56.6

Table 5.11I Physical and mechanical properties of multilayer belon§iege 1.

From the micrographs it was evident the pneseof many cracks withot negligible thickness:

they cross the composite layersaiti their depth, however they dwt propagate in SiC layers.

The geometrical, bulk and apparent densities had comparable values respect to those
experimentdy measureddr multilayer made of only SiC armbmposite layers (Fig. 5.7).

Similar considerations can be done for mechanical properties: the elastic modulus and the
bending strength resultddwer than the respective values calculated by the mixture rules. The
causeof these low properties can be probably found in the evident cracks formed in the
composite layers and so in the residual porosity higher than 10vol%.

The pesence of cracks is caused @gidual stresses whickere developed during sintering
processActually there was a difference in sintering rates between the/ZiB composite and

SiC layers, and equiaxial ess was developed in both lanenlaeing compressive in the layer
which densified more slowly and tensile in the layer that is shrinking fdstera sinterable
ceramic powder the magnitude of sintering stressafidise order of 10MPa and consequently

also the tensile stress should be of the same (@@¢rEven if present, these kind of stresses
should not causeilure of the laminaté97).

On the other hand more relevant were the effect of stresses developed on cooling from the
sintering temperature: the dimensional shrinkage of composite layer resulted higher respect to
the SiC one.

Moreover the mismatch between the SiC and composite thermal expansion coefficient caused
thermal stresses at the interface between layers with two different chemical composition.

The result was the formation of compressive stresses in layers with IoVEerilC our case
Silicon Carbidewhile tensile stresses were developed in composite layers showing higher CTE.
The contribution of CTE difference between the two materials was greater during sintering
respect to the debinding process: CTE of SiC %4s10° °C* (25°1000°C) and 5,8-10°C*
(25-2500°C) (98), while the composite with 80volZ6B,-20vol%SiC had CTE values,
calculated by the mixture rule, 5f7-10° °C* (25°-1000°C) and 7,8-10°C™ (25-2500°C).
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In order toestimate the magnitude of the elastic strains based on the difference in thermal

expansion coefficients, we ctakeags ef erence the fAc@39%pnd wel d t
Wh e r.is théiresidual strain in tension layer (composite one), E is the elastic mddisuke
thermal expansion coefficient,i$ the thickness fraction of composite aptl is the temperature
change th sample undergoes the cooling.
The same equation can dJdhatiswheiresidual straiain $iG layers r e ¢
placed in compressive strains.
1.8 7 [T
16 | TR [CETTrr I S —
14 -
E 124 e & SiC
g ID -
% 0-8 m - ZrB2/5iC composite
zo
= 06
= 04 - .
< 02 - [ e s R
0.0
110 140 190
Composite interlayer thickness [pm]
Figure 5.12Estimation of residual stressesinSiCandZrBi C | ayer s usimigq uiecdu.t and

The high value of strain found in the ZfBiC composite (Figure 5.12) justified the presence of
stresses in these layeithese tensile stresses causieel formation of cracks along the layer

thickness.
In order to reduce #residual stresseg the interface SiC/composite layers two strategies have

been adopted:
(A)
(B)

To vary the grain size of the starting powder.

To modify the thickness ratio of layers with different composition.

5.3.1The effect of starting powder milling
The use of milled ZrB powder has been successfully adopted in order to improve the
densification:Chamberlain et al(60) reported that submicron particles (obtained after,ZrB
milling in hexane at 600 rpm for 2 hours with tungsten carbide media)dawm\high surface
area which increased the driving force for sintering. Previously studies onpdrile size
(100) justified this effect supposing an increasing in concentration of point defects and

dislocation which promotethe densification process.
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SiC and ZrB used in this work showed particles with very different size respectively 0,55um
and 2,25 ym: the problem of the different shrinkage during the cooling from 2200°C (sintering
temperature) could be overcome by radgahe size of ZrBparticle size.

With this aim milling tests have been done in order to find the necessadjtionsto make the

two powders grain size comparable. As shawrFigure 5.13 and Table 5.1V, aft&hours
milling with TungstenCarbidemeda the grain size of ZrBvas 0,568m (D90%) so resulting

very similar to the SiC one.

14
E I Milling Time Particle size
g1 (hours) D90% (1um)
% T 2 0.667
=L /] 3 0.568
2 : 4 0.463
o\ A
UCU 1 10 100 1000 10000
Size (d.nm)
Figure 5.13ZrB, size distribution by intensity Table 5.1V ZrB, particle size after 2, 3 or
(after 3 hours milling). 4 hours milling

This milled powder vas used to preparSerie 2 samples: two layers with composition
80vol%milled ZrB,+20vol%SiC were integrated into the multilayer (Configuration from
Fig.5.10); the green specimens were then submitted to the same debinding and sintering cycles

thanthe prevous ons.

—

Fig 5.14SEM images of polished sectioabmultilayer belonging to Serie 2.

The micrographs in Figure 5.5howed the presence of cracks which were thinner and in lower
number respedb those observed in sample integrating composite layghsnet milled ZrB

starting powders.

The effects of ZrB powder milling were evident on the mechanipedperties (Table 5.1lI)the
densification degree improved, the elastic modulus increased of 30% respect to the Serie 1 and

also the bending strengtionsiderably increased (more theaidi@ than the Serie 1 value).
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The reduction in size of ZgBstarting powder led to a reduction of the stresses developed at the
SiC/composite interface; it improved the densification process allowing to obtain multildlye
a density around 90% and enhanced mechanical properties.

5.3.2The effect of the thickness ratio of layers with different composition
A second factor which can influence the propertiefanofinateintegrating SiC and composite
layers and moreoveredrease thentity of developed stress@gading to the formation of less
cracks incompositelayers(Fig 5.11 and Fig 5.13%)was the ariation ofthe thickness of layers
with different chemical composition.
Considering the beneficial effects observeeéraitrB, powder milling, for all samples belonging
Serie 3the composite layers were prepared using milling,fr@vder.
A systematic investigation on the effects of thickness ratio between SiC and composite layers on
the multilayer properties has been dothe SiC layers thickness was im@ned at a fixed value
(the blade height was set at 1 mm which corresponded to a green tape thickness of 240 um)
while the thickness of composite layavasvaried between 100 and 550 um (in term of green

tapes thicknes as showin Table 5.V

Serie 3

Blade height [mm| Tape thickness [pum]
2% 110
0.7 140
1 190
2 330
2.4 550

Table 5.V Samples belonging to Serie 3: correspondence between set blade height and green tape thickness

A blade height of 2 mm was repeated two times in Table 5.V and they corresponded to two very
different tape thicknessnithe first case the slurry preparati@sulted not good and a lump was
found in the slurry. It was probably caused by an inhomogeneous mixing of binder with the other
components after the second mixing step; for this reason the slurry was less viacotigeth
standard one and the tape thickness was only 110 um (obtained after the lump removal).

On the base of this consideration a second attempt was done in order to obtain a so thin green
film again: the choice was to decrease the plasticizer amoumiaé=t to 30w% on the base of

the lump size. The thickness of the tape was found 330 um, so the reduction in plasticizer
amount was not enough to repeat the condition which had allowed to obtain a thin composite

layer. However this result was taken inte@eant in characterization of specimens.
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After the debinding process the samples int

resulted delaminated in correspondence of both the interface SiC/composite layers.

On the other hand the sample with comfm&yer 330 um thick in between SiC ones presented
problems after the sintering process at 2200°C: half of samples were delaminated and the rest
had a very poor structural integrity; in fact they broke after a short handling.

According withClegg et al (96) the main factors which influence the delamination were: the
misfit strain which depended on the difference in the thermal expansion coefficient and the
sintering temperature, the elastic modulus, the layer thicknesseaneldhive volume fraction of

the two sets of layers.

For a laminate where the two materials had different elastic modulus, in particular if the
interlayer in which the delamination cracks grew had an higher Young modulus, the driving
force for delaminatin resulted increased. In our case the composite elastic modulus was
measured higher thahat ofthe SiC one (44&Pa and 33%Pa respectively).

In addition it has been found that the driving force for delamination reached the maximum for
increasing thikness of interlayers showing high elastic modulus. For exaipleard et al

(99) reported good structural integrity in processing of SiC/graphite system where the carbide
laminae were 10 times stiffer than the graphite inyerand moreover these last had thickness
fraction in the laminate correspondent to only 0.03.

Integrating in thelaminate composite layers withigher elastic modulus than SiC one and
increasing its thickness more than 330 um, we were in the optimaitioosdor promoting the
delamination.

An additional factor which can contribute to the formation of cracks in the ctitapayer is the
different behaviar in term of dimensional shrinkage of layers with different chemical

composition during the debindj cycle.

100 —

o0 N
80 —
—
70 \
[ — 0 i
T o 100%SiC
= ——80ZrB2+20SiC \
5 50
= —PEG \
5 40
= Butvar \
30 \
20 \
10 \
0 : : : : : .
0 100 200 300 400 500 600

Temperature [°C]

Figure 5.15Thermogravimetri@nalysis of Butvar, PEG, green tape made of 100%SiC and green tape with
composition 80%ZrB+20%SiC.
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For this reasonhermogravimetri@nalysis (Figure 5.15) havmeen performed on the two main
organic compounds irthe slurry (Butvar and Polyethylenglycol) and on green tapes with
composition respectively 100%SiC and 80%Z#8%SIC The decomposition of organics
species occurred mainly between 250°C and°®&0dn this temperature range a weight loss was
observed forboth the tapes: in SIC sample the decomposition process started at lower
temperature, it progressed more quickly and involved higher weight losses respect to the
composite ones. This difference in debinding behaviour caused stresses which were probably
mariked in the case of tapes with different thickness causing the failure of the multilayer just

during this phase.

Serie 3 Relative Relative Bulk Apparent Relative
-Density- Geometric Density Density Density (%)
(%) (%) (Helium picnometer)
Serie 110 90.01 + 0.08 90.80 = 1.80 94.830 + 0.003
Serie 140 87.24+0.07 92.87+ 1.77 96.448 £ 0.004
Serie 190 88.64 + 0.09 93.07 + 0.98 95.735 + 0.004

Table 5.VI part A-density of sample integrating composite layers with different thickness

Elast _—_ Vickers Vickers
Serie 3 astic endin
e £ Microhardness | Microhardness
-Mechanical Modulus Strenght ) _
for SiC for Composite
properties- [GPa] [MPa]
[GPa] [GPa]
Serie 110 348 +20 510+ 39 37.32+3.33 22.17+1.73
Serie 140 297+ 14 313+£10 3249 +5.88 22.08+2.01
Serie 190 319+22 289 £ 56 33.69 +5.01 21.07+ 1.96

Table VI part B-mechanical propertiesf sampleintegrating composite layers with different thickness.

Table VI summarized thenechanical properties of samples integrating composite layers with
thickness respectively 110 pum, 140 um and 190 pm.

The differences in apparent and bulk density were dueetdifferent fluids used for measuring

t hem: Ar chi med e s Gsingvdeibnized water, rwhile pybntetri measurement
were done using Helium. He molecules were smaller than water ones so they can fill better the
open porosity.

However apparent deityg for all three series of samples were in the range 94%5%, these
values resulted slightly lower than the laminate constituted by layers with all the same
composition, but substantially higher than the lated belonging to Serie 1 and ik ZrB

starting powder with reduced grain size and integrating composite layers with thickness lower

than 200 um, it was possibie obtain laminates with improved densification degree.
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The micrographs of cross section in Figure 5.16A and 5.16B stimvmicrosructure of the

three series of samples different in term of composite layer thickness: in the second line (Fig5.16
110B, 140B and 196B) a zoom of the composite interlayer put in evidence the presence of
cracks propagating only in the composite withafiecting the underlying and over SiC layers.
Figure 5.16C showvthe fracture surface of the laminated belonging to Serie 3, indicating a
mixed of trans/intergranular fracture mode: in SiC layers there were cleavage planes
characteristic of transgranulaatture, while in the composite interlayer an intergranular fracture
mode was observed.

Moreover from Figure 5.3890C it was evident that crack did not travel right across the

specimen, but it was deflected at the interface between SiC and composite laye

Figure 5.16 Microstructure of laminate blonging to Serie 3 with composite layer thickness 10um, 140um and
190um: A-Overview of the polished cross sectionZBom on composite interlayer andf@cture surface.

The mechanical properties such assetamodulus and bending strendFig 5.12) showed a
similar trend: their values increased in function of the decreasing of composite interlayer
thickness.

According toSancheHerencia et al(101)large improvement in stretigcan be achieved when

the external | ayers of a |l aminate were in c
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approacho because of the | aminate showitked i n
the same compositioof the external layers coropition. This effect could be significant for the
laminates integrating 110um thick composite layers: their flexural stremgte much higher
than those of monolithic ceramsigvith composition 100%SiGheir strength wa859MPa(102))

as well as the multilayer witthis composition (Fig. 5.7). Moreoveéhis value was higher than
the multilayer with composition 80vol%ZsE20vol%SiC too. For future activities it would be
interesting trying to increase the magnitude of compressate in Silicon Carbide layers with
the aim to study the effect on flexural stréngt

The microhardness test weperformed on both SiC layers and the composites ones; the
scattering of results for SiC material was the double than those for compgsite this implied

a highethomogeneity in the Zr8SiC based layers. In fact in Silicon Carbide the presence of an
higher residual microporosity ar@@arbon inclusions have made the measure of the imprint more
difficult. Also in this caseenhanced micromdnesswas observedrespect to the single
composition multilayer values (Fig.5.7)he improvement in mechanical properties was

attributed to the presence of residual stress in the/3iB based composite interlayers.

5.3.3 Alternative SPS sintered lamirates
In addition to the pressureless sintering, another alternative process for the sintering of
multilayers integrating Zr@SiC composite layers in between SiC ones was the Spark Plasma
Sintering (the principle of this techniqigereported in Section 3.5 and the application in ZsB
base material in Section 3.3.1.1) ; the consolidation experiments were performed at Tecnalia.

Different configurations of multilayers were successfully obtained and reported in Figure 5.17.

e i

20kV X608 288nm 19 3@ SEI

X608 Z8Bxm
2 80vol%ZrB, + 20vol %SiC

25iC B: 2 80vol%ZrB, + 20vol %SiC

. . 25iC
A + 20vol %
A ,1)2?({"1%2‘3‘ +20vol%SiC 8SiC C: 180voi%zeB, « 20vo1xsic
2 2SiC
180vol%ZrB, + 20vol %SiC 1 810"01‘\;21'13. 1 20vol %SiC
4SiC 25

Figure 5.17SEM microstructure fdaminates integrating composite layers in between SiC ones sintered by SPS at
Tecnalia.

The most evident defect was the presence of cracks after the sintering which were perpendicular
to the load application; the same problem was identified in presssirslatered laminate
integrating composite layers in between SiC ones. In addition to the consideration previously
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done, a reason of these cracks were the stresses probably produced by the difference in CTE
during the fast cooling. A possible solution teo@ or at least limg their formation was the

change of the load cycle: it was necessary to release the pressure at high temperature in order to
decrease the stresses produced by the difference in CTE.

The architectureshown in Figure 5.17B was also paged andsintered without pressure

assistance, but it failed just after the debinding cycle.
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Chapter 6
Oxidation behaviaur of ZrB,/SiC based multilayer

Besides mechanical properties, the oxidation resistance is also very impmdpetty for
materids to be used as external part dharmal protection system, especially because the goal
was the development of reusable TPS which should be submitted to high temperatarg, oxid
environment and high thermal flux for repeated times. In this chdmexidationbehaviar of

laminates with different ZrBSiC ratiowill be examired.

6.1 TGA oxidation tests

The TGA results are summarim Figure6.1A and 6.1B:

A
114 103.0 B
—100% SiC ~——100% SiC
12 4 g0%siC+20%2B2 1025 80% SiC + 20% ZrB2
110 | ——60%SiC+40%ZrB2 1020 | ==60% SiC+40% Z:B2
T 108 20%SiC+80%ZrB2 9 20% SiC + 80% ZrB2
- —100%Z1B2 = 1015 4= —100% 2:B2
5 106 g
s 3 101.0
2 104 z
i3 100.5
/_.—-——'—f " . . —ia®
100 100.0 -
98 995
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600

Temperature [°C] Temperature [°C]

Figure 6.1 Comparison of TGA fist runs (5.1A) and second runs (5.21B) in air up to 1600f€ZB,; 80 ZrB,-
20 SiC; 60 ZrB-40 SiC; 20 ZrB-80 SiC and pure SiC.
In order to explain the oxidation mechanism of Z8C based compositesig interestingo
analyze the oxidatiobehaviourof the two components SiC and Zr&parately.
It is well-known from the literature that SiC can oxielin two different ways in function of the

temperature and th@xygen potential.

100% SiC
102
1 cyde
- — —2cyde
%-‘l 100 e ST = E—
z
98

0 200 400 600 800 1000 1200 1400 1600
Temperature [°C]

Figure 6.2 TGA curves obtained during the first and second run for multilayer with composition 100%SiC.
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The TGA curve of SiQFigure 6.2) shows a very small weight gain starting from 1000°C (it
corresponded to less 0,3w%) caused by the oxidation of SiC and the formation of a silica layer
on the surface. Only little SiC oxidized and consequently a very thin oxide layer was.formed
For temperature above 1500°C the mass gesnlted well counterbalanced by the formation of
COyg) coming from the oxidation aZarbon.
For temperature up to 1600°C andatygen pressure close to one bar 8xilized according to
thereaction (6.1):

SiCis) + 32022  Sid5® CQy) (Eq.6.1)

This Apassi ve dahe fomnation of a thin and eootihuous layer of crystalline
silica on the surface; it greatly slows down a furt®aygen diffusion. Thisvas confirmed by

the second oxidate cycle: repeating on the same sample an equal heat treatment in flowing air
up to 1600°C the resultant TGA curve appears flat seeight gainwas more observed.

The limitation in using Silicon Carbide in aerospace application up to 2000°C is linkew to
factors: the thin silica layer, during reentry trajectories and at high velocrtadts andcan be
consumed and easily carry away due to the air friction.

Moreover in particular at this pressure and temperature conditions the mechanism of passive
oxidation could not be the mostfavorable one.In fact according to Schneidgi03) for
temperature higher than 1400°C and if contemporaneousi@xiigen partial pressure greatly
decreases below Ttatm (104; 105; 106y he fdacti ve oxi dationo of S
theequations (6.2), (6.3) and (6.4) :

TO1400°C SiCe)+ %2 Oz S €L (Eq.6.2)
SiCs)+ OagZ S €LQy (Eq.6.3)
1500°0T 01900°C SiCg)+ %2 Oz §HCOy) (Eq.6.4)

The passivdo-active transition is very important in some applications such asb&€d
spececraft reentry shield: during the crossingq
vehicle could be in the ideal conditions for active oxidation.

The mechanism of passite-active oxidation involves the breakdown of the Sfm and it

can happn through differenteactiors (107; 104)

SiCe +SiOysg 2 (SHCEO (Eq.6.5)
SiCg)+2 SiQysz 3 (HHCQy (Eq.6.6)
2 SiGe +SiOxs?z 3 ) S R CQq (Eq.6.7)
SiOxgZz SOy (Eq6.8)
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Equation (6.5),6.6) and (6.7) are three different reactions which may occ@iGéySiOys)
interface and lead the consumption of silica layer; moreover the formation of volatile species
such as Sig) and CQy) can lift the SiQ film interrupting the continuity of the scale.

Equation (6.8) represents tdecompositiorof SiO; fil m; this process is effective at temperature
higher respect to interfacial reactions (6(5)6) and (6.7)(106; 108)

100% ZrB,
114
112 ——1 cycle
110
108
106
104
102
100

98
0 200 400 600 800 1000 1200 1400 1600

Temperature [°C]

= = 2 cycle

Weight [%]

Figure 6.3 TGA curves obtained during the first and second run for multilayer with compositish2rB,.

TGA curve reported in Figure 6.3 shows a mass gain from 800°C and correspondent to about
12% at the end of the first cycle : pure ZrBndergoes stoichiometrioxidation (Eq. 6.9)
producing a scale composed of Zi&hd BO; (109; 22; 110)

ZrBy)+ 5/12 Qg2 Z 5@ BxOss)) (Eq. 6.9)

For temperature below 1100°C the@ forms a liquid continuous layavhich grants protection

from furtherOxygen penetration.

As Kuriakose et al(109) reported in this temperature rangée& oxidation rate of zirconium
diboride appeadto be controlled by the transport©@kygen through BOz).

On the other hand ZrOscale seerd not to give an evident contribute in protection against
oxidation, but it may enhance the mechanical stghalitd integrity of the over liquid layét10;

111; 112)

If below 1100°C the oxidation can be described with a parabolic kinetics controlled by the
Oxygen diffusion through boria, between 1100° and 1400°&ittetics of reaction changes in a
so-called paralinear kinetics(109; 113)because of the process BEO; formation andits
volatilization have similar rates. The total mass changes are in fact the results of two
cortributions: a weight gain comes from the formation ofOfy and ZrQs and
contemporaneously a weight loss is caused by the volatilizatiogOaf),B

For temperature higher than 1400°C ZXidation can be described with a fast linear kinetics

(the dope of TGA curve significantly increade the evaporatiomate of B,Os() was similar to
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the rate ofits production. In this condition the underlying porous ZsGalewould bedirectly
exposed toOxygen contact with a resultant dramatic worsens of,Zrdation resistance.
Oxidation behaviourof ZrB,/SiC composites containing from 20 to 80vol% of SiC has been
investigated (Figure 6.4).

A)80% SiC +20% ZrB2 B) 60% SiC + 40% ZrB, €)20% SiC + 80% ZrB,

1cycle ——1evele 1cycle

2cycle - = 2cycle Zeycle
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-]
@
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Figure 6.4 TGA curves obtained during the first and second ounrfultilayer with compositiod\) 80%SiG
20%ZrB,; B) 60%SiG40%ZrB;; C) 20%SiG80%ZrB,.

The mass gain was proportional to the increasing amount efiZtBe composite: for laminates
containing 20%, 40% and 80% ZrBie observed mass gain were respectively 3,886 and
6,6% during the first cycle in flowg air.
The oxide scales produced on the surface of laminates after the first lveaéngble to reduce
the Oxygen penetration during the second cycle in all the three cases.
Considering the starting oxidation temperature and the trend of TGA cuevesirwconclude
that below 1200°C composites behavie pure ZrB: in fact they start undergoing oxidation
just from 800°C, temperature at which SiC rwtidises. Above 1200°C also SiC quickly
oxidized contributing to the composites oxidation process.
The oxidation of all laminates resett in the formation of a passive layer whigkes more
effective with increasing amount of SiC.

6.2 Long term oxidation tests

Ceramic laminatesvere submitted to 24hours isothermal oxidation at 1600°C undéatic air

with the aim to study the morphology of the produced oxide layers; the microstructure of
oxidized multilayer are comparaa Figure 6.5.
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Figur<;6.5' Microstructure of ceramic laminates (consisting of ftayeith the same compositviorA) SiC I;alminate

B) 80%SiG20%ZrB, laminate;C) 60%SiG40%ZrB, laminate;D) 40%SiG60%ZrB, laminate and) plus F)

20%SiG80%ZrB, laminate.

Laminates with high amount of Si(Fig.6.5A100%SiC and Fig.6.5B80%SiC+20%ZrB)
showed a thin and continuous oxide layer made of,SMbile laminates containing equal or
higher than 40vol% amount of ZsBFig.6.5C, 6.5D and 6.5E) displayed an oxide layer with a
more complex structure on their surface. It was possible to identify three layers: an external
glassy layer, an intermediate aamgorous ones.
Moreover the samples from 40vol% to 80vol% ZHlistered during the isothermal treatment: as
results their surface presedtan inhomogeneous thickness and many small bubbles inside. This
surface morphology indicates tliermation of gaseus phases: in addition ©Garbon oxides
coming from the oxidation of SiC we have to take into accounBtiten oxide produced by the
oxidation of ZrB: this compoundnelts at temperature higher than 800°C and then volatilize
Moreover putting in compason the different microstructures in Figure 6.5 some differences in
the morphology of layers in function of the composition were evident.
The intermediate oxide layer was constituted by gray crystals embedded in a dark matrix. While
for sample containingp to 60vol% ZrB(Fig.6.5C and 6.5D) the light phase appeared like small
spots homogeneously distributed in the darker one, for laminates containing 80val%t-igrB
6.5E and 6.5F) these two phases gave rise to a columnar structure with a preferentéatiaori
that is perpendicular to the sample surface.
Regarding the porous layer there was a difference in porosity degree among laminates.
The oxidation of multilayer containing high amount of ZrBspecially in the case of 20%SiC
80%ZrB,, led to a geatincreaseof the overall sample thickness which correspond to the formed

oxide layers.
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In Table 6.1 the thicknessf the oxide layers are reported in function of laminates composition:
multilayer containing 100% and 80% SiC which skedwnly a thin silca layer on their surface
(up to around 100um thick); in spite of the small thicknesackd as a barrier tdOxygen
diffusion through the bulk of the sample.

Material Layer thickness (pm)
composition External glassy Oxide intermediate
N Porous layer Sample core
layer layer

100%SiC - 21-36% - 1750
80%8SiC-20%ZrB, - 97-115% - 1700
60%SiC-40%ZrB, 30-164 192-256 95-170 750-1200
40%SiC-60%ZrB, 83-128 105-180 120-230 1600-1300
20%S81C-80%ZrB, 600-700 1200-1300 140-200 640

Table 6.1 Thickness of oxide layers grown on the surface of laminates with different corapa@sier oxidation
treatment under calm air for 14 hours at 1600°C.

The thickness of external glassy layer and intermediatevesestrongly dependent on the Z4rB
content: both the layers incredstheir thickness with the growing amount of ZrB’he most
evident casavas the laminatewith 20%SiG80%ZrB, where the external layer thaa similar
thickness respect to the sample core; moreover this last oneeddsulite the half in thickness
compared to the intermediate lay®m the contrary the thickness pdrous layer seeed not to
be dependent on ZgBontent.

Various techniques such as standard and a{&D®, SEM-EDS and XPShave beerused in
order to investigate more in details not only each layer microstructure, but also their chemical
composition.

XRD spectra of SiC before and after long term oxidation at 1600°C are compé&igdria 6.6:
before oxidation SiGvas the main phasea little amount of graphitevas present toaoThe
graphitecamefrom theCarbon added to the slurry as SiC sintering aidl rmreover it could be
a residual from the debinding heat treatment. After oxidation the intenditgtiothe SiC and

the graphitgpeaksdecreasg and SiQ beamethe main component.
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Figure 6.6. XRD spectra of laminate with Figure 6.7 XRD spectra of laminate with composition
composition 100%Si@)before and 60%SiG40%ZrB; after oxidationA)external glassy layer
B) after oxidation at 1600°C B) intermediate layer and) porous layer after oxidation

at 1600°C.

The XRD spectra ofaminge with composition 80%Si20%ZrB, are very similar to those
reported inFigure 6.6: before oxidation ZgBoeaks were present too, but silica was the only
addtional phase present on the surface.

Multilayer with ZrB, amount higher than 40vol%, as earlipesified, were characterized by a
three subHayers with very different composition.

The glassy external layer was mainly constituted by Oxygenp8#ind Boron; moreover some
traces of Carbon and Zirconium were present. The -geamtitative EDS analyseshowed a
ratio between the different component compatible with silica plus boria formation that meant the
presence of borosilicate glass. In sample with composition 60vol%3iGl%ZrB, the content

of Si and consequently O was higher than in laminatéaging 20vol%SiC; so the glassy phase
resulted more Siich with increasing amount of SiC.

XRD micro-diffraction on this area (Fig 6.7A) showed peaks belonging te ZuPerimposed to

a broad signal that was characteristic of the presence of an amoptamessuch as a glassy
one.

Also XPS analyses allowed to confirm the presence of silica: the Si 2p peak atel03.3
correspond to SO bonds while the O 1s at 533.1&V/0O-Si bonds (Fig 6.8A)Moreoverwe can
suppose the formation of some graphite, probalrtially oxidized, inclusions: Cls spectrum

showed mainly GC bonds while only littlecCarbonwas bonded to Si or QJnfortunately XPS
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technique shows a low sensitivity with respect

to Boron, swas not possible obtain
information about the bonds faed by this element.
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Figure 6.8 XPS analyses performed on three oxide layer on a 80%Z0%SiC laminate: A: External glassy oxide
layer (Si2p, O1s, Cls spectra); B: Intermediate oxide layer (Si2p, O1s, Zr3d spectra); C: Porous layer (Si2p, C1s,
Zr3d spectra).

In fact XPS sensitivity factor oBoronis only 0.15, much lower than those@drbon-0.29 and
Oxygen-0.71-.

Bubbles of different size were detected in the outermost laysh@sn in in Figure 6.9they

were likely due to the coalescence o$gaus species inside the forming glass. The bubbles tend
to buistwhen the vapor pressure is higher than the ambient pressure.
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Figure 6.9SEM imag of external Issy layer.

Considering all these results the conclusion was that the external layestexbrg borosilica
glass with graphite and Zgnclusions and large pores.

The intermediate layer consisted into two different phapggaringn the SEM microstructure
(Figure 6.10)with different colors.It was not so easyto obtain information abouthe
composition of these twphases oxide: in fact the spatial resolution of the used techniques
resuled limited respect to the extension of a single phase. Consequenttarmet be sure to
analyze exclusively one area without including the next one.

EDS punctual analyses on the intermediate lay&vservedon laminates with composition
60%SiG40%ZrB, and20%SiG80%ZrB, gave the results summarizéd Table 6.11.

Sample Zone under Atomic percentage of elements

P investigation Si 0 C Zr B
. Dark area 22,6 64,4 0,4 - 12,6

0, + 0, 2 k) k) 5
0YSICHAONZIB, [ oy area — 57 9.6 30,5 29
) Dark area 20,1 69,7 2,1 0,2 7,9

0, + ) k) 3 2 > bl
20%S1CHB0%ZrB, Light gray area -- 60,1 8,7 27 42

Table 6.1I: EDS analyses of intermediate layers for laminates with different composition.

4 [ : K ‘~ —— 500 ym ——

Figure 6.10 SEMmicrostructure of the intermediate layer for lam@satvith different compositiorA)
40%SiC+60%ZrB andB) 20%SiC+80%ZrB

The darker phase mainly congdin O, Si and B with very small amount of Carbon; the atomic

ratio among these eteents suggestithe presence of Sgand BOs in both the cases (an excess
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in Oxygen is observed in laminate with higher amount of,ZrBhe dark area should be made

of borosilicate glass.

In the light gray phaseas evident the prevalence of O and Ztheut Si and with not negligible
amount of Carbon and Boron (about 9%ard 34%at B).

Moreover the micreXRD spectrum on this area (Fig 6.7B) showed the presence gfagre

only crystalline phase in addition to few and low intensity peaks belongidgB, and SiC (this
means that the oxidation did not occur completely in the intermediate layer).

The XPS spectra (Fig 6.8B) of Si2p, Ols and Zr3d showed that both Zr and Si were mainly
linked to theOxygen The Zr 3d peaks could be identified as a spinit coupling of ZrO bonds
corresponded to ZrDthe first was at 182.4 eV () and the second one was at 184.9 eV
(Zrs;0). Moreover O 1s peak at 530.6 eV corresponds 40 Bonds foiZrO,. The Si 2p peak at
103.3eV corresponds to €D bonds andhe peak at 533.&V was linked to GSi bonds; so silica

was present.

All these considerations let to conclude that the dark phase is made of a borosilicate glass and the
light grey phase consei mainly of ZrQ,.

The morphology of the twgphases oxide l&y was differentand depended othe chemical
composition (Fig 6.10) : for laminates containing from 40% to 60% &fig) 6.10A) there was

not a preferential orientation of the two phases which resulted interpenetrated. When amount of
ZrB; increase up to@0l% (Fig 6.10B) it was possible to observe columnar glassy phase which
resulted parallel to the direction of tBsygen penetration.

In literature has been reported this oriented gnaf the scale in the case of oxidized laminate
with very high (80vol% amount of ZrB (114; 115)

This configuration of Zr@skeleton was compatibigith the model which involweliquid glassy
phase convection during high temperature oxidation of refractory diborides, especially in
preence of SiG116; 115; 117; 118; 119)

The oxidation of ZrBresuledin the formation of crystalline Zroand BO; which behaves aa

quite liquid phase (BDs; viscosity at 1550°C: 40 Pa-sthe oxidation of SiC produdeSiO,

which was a viscous fluid (Si@viscosity at 1550°C: 100 GPa-d)16) A two-layer oxide film

forms with the porous zirconia skeleton filled with Sighase; it can dissolve,8; with the
resultant formation of BOs-SiO; liquid phase.

The instability of moving interface between liquid with very different viscosities originate
vertical convection patterns where flugbron oxiderich borosilicate floved through a more

viscous silicarich oute layer. These convection movementxe probably the cause of oriented
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grow of the scale; moreover they creates localized pattOkygen toward the core of the
sample.

When the ZrB content decreade(specimens containing 40% and 60% ZArBe convection
patternwere very limited because of the ZrGkeletonwas less compact and structured; the two
oxides layer h& consequently a not elongated shape; in this condition also the channel for
Oxygen diffusionwere lost.

On the other hand Han and othét44; 119)hypotheszedthe formation of gaseous {product

(so no liquid mass convection) that promoted the growth of zirconia in a parallel direction
respect to the discharge of the gas.

A third porous oxiddayer was obsrved(120) (121) (122) (115) (116) (123) at the interface
between intermediateytar and the not oxidized laminate with Zr@mount equal or higher than
40vol%.

The micreXRD spectra of this area (Fig 6.7C) for laminate with composition
60%SiC+40%ZrBshowed the presence of few and low intensity peaks belonging to the original
componats ZrB and SiC; moreover crystalline Zs@as also present.

The EDS analysis put in elénce a very interesting resuh this area thé&ilicon content was

very low (less than 2% at) while tl@&arbon was present in amount between 16% and 40% on
depemling on the composition of ZeESIiC laminate. The elemental EDS maps taken at the
interface between the porous layer and the not oxidized core (Fig. 6.11) confirmed that the
porous layer is characterized bilicon depletion but noa depletiorof Carbon Zirconium and

Oxygen depletion.

i W3

| v+ wr—

'I.I' 100um B 00pm B

[ —
100um

Figure 6.11Element distribution at the interface between porous layer and sample core aftertomgidation up
to 1600°C for laminate with composition 20%S30%ZrB, laminate (porous layer in the right and uppet pathe
maps; elemental maps of Zr, B, C, Si, O)
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XPS spectrum for Clshowed that the C was mainly linked througi€®onds, while only few

bonds existed between@ and CSi (Fig. 6.8C).

These results let to conclude that:

- The low amount of the alerved Si was bonded with C; in fact traces of not oxidized SiC
were present in micrXRD spectra)

- Therewas an excess of Carbon not found before in the other two oxide;layers

- The Zirconiumwas present in Zr@oxidized form.

Conclusively SiC could é&consumed by active oxidation mechanism: this would justify both the

lack of Silicon and the formation of amorpho@srbon (Eq.6.2).

The Oxygen can diffuse trough the scale and reach the core of the sample, reasonably its activity

decrease in functionf ¢he distance from the surface of the sample and this justify the favorable

conditions for SiC active oxidation, according to reactions (6.2) and (6.3) in addition to the main

oxidation process (Eg. 6.1) :

SiCs)+ V2 Oy Sib) ) (Eq.6.2)
SiCs)+ OxgZ S €Oy (Eq.6.3)
SiCs) 32022 Sdg ECQ) (Eq.6.1)

Our investigations showed that thecurredreaction was the first one (Eq. 6.2)

According toHan et al.(119), the formation of a Sidepletion region deperd both from the
surrounding pressure and temperature conditions and on the structure distribution of SiC
particles in ZrB matrix.

In presence of 20vol% or higher amount of SiC in Zni&atrix, SiC paiitles formeda network.

ZrB, in contact with depleted SiC graingas directly exposed t®xygen and it oxidize
according theeaction (6.9) producingn oxide layer that mainly consstin ZrO..

The longterm oxidation testconfirmed the above mentiothd GA results: exposing ZHESiC
laminates in air up to 1600°C their oxidation resistance progressigelyarse incredag the
amount of ZrB in the material. Nevertheless after a first oxidation treatment a glassy external
layer formed on the surface ofaminates which aetl as barrier against furtheDxygen
penetration. This is important in the context of reuséidemal protection system.

Because of the formation of a oxide scale with a complex structure in the case of laminates with
amount of ZrB higher than 40vol% its important optimize the SiC/ZgBation in laminates.
Nevertheless we can expect tha¢ oxidation resistance of Z#$iC composites idetter than

that ofboth pure ZrB and pure SiGt temperature higher than 1700¥an et al (124)reported

that ZrB,i 20 vol% SiC composites exhibited excellent oxidation resistance at 220@rfC:

macracracks or spallation were detected after oxidation.
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In the first case the explanation is easily understood: thetioxudof ZrB leads to the formation

of B,O3; that melts at 450°C and evaporates quickly above 1100°C. On the other hand SiO
formed from the oxidation of SiC has a higher viscosity, higher melting temperature and lower
vapor pressure: thexygen diffusionshould consequently be slower in sitigeh liquid respect

to the boria layer which, in addition, evaporate just above 1100°C.

The superiority of Zrg/SiC oxidation resistance respect to pure SiC is more complex: the porous
ZrO, coming from the oxidatiolf ZrB, forms a skeleton which acts as a condensing substrate
and mechanical spprtto the borosilicate liquid.

Obviously this porous Zr@structure, in order to form a mechanical support, has to be enough
strong; this condition is realized for laminatgh high amount of Zrg

In the case of monolithic SiC or laminates with all SiC layers, even if the oxidizeday®D is
thermochemically and diffusiekinetically stable after melting it results unstable for

mechanically point ofiew because of thiormation of bubbles.

6.3 Multilayer mechanical properties after oxidations at 1500°C

In case of composites with a content of ZEBceeding 4@ol% the growth of the scale outwards
and the emission of gaseous species chihrgeloss of theriginal size ad shape of specimens.

For this reason, in order to investigate the effect of the oxidation process on the mechanical
characteristics, only few ceramic larates containing less than \&0% of ZrB, were
mechanically tested before and after oxidation Imcair at 1500°C for 24 hours. The resudtre
summarizedn Table 6.111

The decreasing of geometric density in oxidized samples with progressive increase, in ZrB
amount can be jusiédd as consequence of the shape deformation of the sample whicls make
difficult their dimensions measurents Also the apparent density decredgarticularly in the

case of the laminate containing 4040bf ZrBy; this was consistent with the formation of a
porous layer within the scale.

The oxidation treatment at 1500Uly slowly decreaskboth elastic modulus and strength of
SiC laminats, while it heavily worseed the mechanicabehaviourof composite laminates
containing ZrB: in fact both elastic modulus and strength were appreciably lowered after this
prolonged oxilation.
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Geometrical  Apparent Elastic Bending

Sample density density Microhardness
composition [% of [% of m;’(‘,_ilfll'“ Stlr[\‘:']',glth [GPa]
theoretical] theoretical| a a

100% SiC 89.0+2.6 94.8+0.2 339+£19 324+24 21.2+0.6

100% SiC
after
oxidation at
1500°C

89.7+ 1.0 95.9+£0.2 33615 274 £ 17 20721

80%SiC-

20%Z1B, 90.2+29 95.6+0.2 364+ 19 361 + 34 255+ 0.8

80%SiC-
20%7rB, after
oxidation at
1500°C

81.1+2.5 94.1+0.2 127+ 11 196+ 5 224+24

60%SiC-

40%Z1B5 92.3+0.9 99.0+0.2 389+11 325+ 41 24.4+1.0

60%SiC-
40%71B, after
oxidation at
1500°C

61.1+3.7 88.6 £ 0.1 164 + 29 176 + 28 20.8+£2.2

Table 6.1lI Physical properties of laminates before and after-tengn oxidation treatment.

Anyway the final stiffness and strength of the oxidized laminates still seem sufficient for
application in TPS, since for this application high medte performance is not required while

oxidation resistance is the main material requirement.
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Chapter 7
Results from SMARTEES

Great part of this research work was carried out in the context of an European integrated project
SMARTEES - Multifunctional components for aggressive environments in space applications
(125) SMARTEES targeted on the creation of new multifunctional materials to be used as
thermal protection system.

Some general requirements have to be taken intouatdn order to develop a TPS structure:

first of all the design of space vehicle was very important in order to make a systematic
investigation on all the system properties specifications.

For this project, among the possible different shapes, a catiser APOLLOtype has been
selected byAirbus Group Innovationgpartner of the projectOne of the main advantage of

using a blunt vehicle respect to a more streamlined one is linked to the maximum heating rate
which depends on the shape of the sho@vevsurrounding each vehicle. Blunt vehicles have
detached shock waves that spread thentey heat over a relatively large volume. Moreover the

air flowing near its surface tends to inhibit convective heat transfer. Consequently the heating
rate for blum vehicles results relatively low. On the other hand the streamlined vehicles
concentrates a large amount of heat near the sharp tip causing it to reach higher temperatures
respect to those expected for a blunt bddythis casehe ar flowing near the srface cannb

inhibit the heat transfer; as a result, the overall heating rate is higher. For this rea fi-n e e d | ¢
nosedo Ve hverylpmdicalamdeusually has slightly rounded noses to keep the tips
from burning off.

The heat shield for such vele shape has been divided in two parts: the front shield with

o ~"" - ™ wansition area botwoen

front & back sheeld
front shield

thermally high loaded areas and the back shield which was modéoatedyl (Figure 7.1).

Figure 7.1 Apollo-type vehicle shape A) with heat shield locations and B) shows that air frictisescthe
capsule to glow red hot (Courtesy of NASA/Johnson Space Center)
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Figure 7.2Heatflux timelines for the sizing tjactoriegCourtesy ofi Ai r bus d)S GmbH

Thermal loads have been calculateddinpus Defence and Spaber differentsec a | | et A c on
pointso on the outer surface of bot hightlhe f r c
moderate and the SMARTEES materials have to be designed to cover them with a certain margin
of safety.Figure 7.2 shows the heat fluxes distributions uriderassumption of fully catalytic

wall.

For the development of the SMARTEES TPS the attention was focused on few specific control
points which needed different materials for the two shield regions (Figure 7.3); specifically two
classes of materials wereréseen, one suited for the ARV back shield area whéhneasecond

ones could be applied in certain areas of the front heat shield.

It has to be mentioned that in the foregoing studied the calculated heat fluxes for the thermal
loads were based on thelfutatalytic wall assumption. Experience from segerformedn the
pastyears onC/SiC materiad showed thathe recombination velocity fabxygen andNitrogen

was quiet low (below 5 m/s) resulting in loads whieBultedmore than 30% lower than those

calculated for the fully catalytic wall.
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Figure 7.3Locations of control points on the outer vehicle surf@eurtesy ofi Ai r bus ®)S GmbH

For SMARTEES two control points have been selected for the different material classes; the

corresponding loadlass scenarios were :

a Load class |1 back shield with corresponding control points #13. For this area the heat
fluxes and thermal loads (sizing trajectory) were moderate and therefore offered an
interest for the SiC based materials. This selected pairibla maximum temperature of
approx.1300 °C and heat fluxesound0.3 MW/m?.

a Load class I front shield with corresponding control points #7. For this area the heat
fluxes and thermal loads (size trajectories) were realistic for integratg¢SAtBbagd
materials. This selected point involved a maximum temperature of about 1800°C and heat
fluxes around 0.8 MW/

7.1 Determination of Multilayer Total Emissivity of multilayer

Since the main function of the TPS is the thermal protection of the vehiotgy dine occurrence

of severe loads, the designer of the TPS must guarantee that most of the incident heat flux is
transferred t@nvironmentnd only a smaller amount is penetrating the structure itself.

Especially dringreee nt r y p has e atmodgpleeretrdusableHaunch Velbictes (RLVS)
encounter high gas rates and thermal heat loads; waseolecules ofOxygen andNitrogen

passing through the bow shock become dissociated. Then the atoms can recombindagain to
molecules in gas phase or alitly on the TPS surface; it can happen with differentsriate
function of the thermal protection system catalytic efficiency. The heat flux on ibetrse
vehicle depends on catalytic efficiency of the TPS materials. Because of the catalytic properties

of these materials depend on temperature, the heat flux results indirectlydel@pam the

101



vehicle surface temperature and, consequently, on the thermal emissivity of the TPS materials
(126).
In order to develop andptimize a TPS structure it was necessary to determine the thermal
material properties and closely investigate these surface phenomena and their interaction in
ground tests and flight experiments. In this context the measurement of the emissivity of the two
materals chose asmain constituents for thexternal part of the TPS (SiC for Load Case 1 and
ZrB,/SiC for Load Case 2) resulted very important.
In literature different facilitieshave beendescribed to determine the emissivity of a solid
material at high teperature; two were the most used approa¢h2s)
- A combined transient and brief steady state technitjue specimen is quickly heated
from room temperature {hy) to a high temperature (lrand then it remains at, Tor a bief
steadystate period, before beginning be cooled downby thermal radiation. This technique is
based on the heat balance on the specimen held at atgriggetemperature ;T under steady
state conditions, the electrical power imparted to the specismnequal to the power loss from
the specimentself. Based on the SteféBoltzmann law, the power balance on the effective
specimen let to calculate the hemispherical total emisgil/2§).
The main disadvantage of this tedue is the limitationn investigaing electric conductor that
means metals, while modern thermabtpction system are mainly cstiiuted by a mixture of
metals and ceramics.
- Emissivity measurement facility (EFM) worked emilar principle respect t¥ariable

Black body sourcél29; 130)
IRS (Institut fur Raumfahrtsysteme) has been qualified for total emissivity test on SiC and
80vol%ZrB,-20vol%SiC multilayer as external part of thermal protection system.
The qute complex apparatus used for the tests was shiw@elction 4.2.14: inainly consisted
of a moveable sample support system within the blackbody cavity. It was made of a graphite rod
with high length respect to the diameter; this configuration had samappnt e mi ssi vi t )
so it can be assimilated to a blackbody.
Inside the rod there was the graphite sample holder; it was fixedvimlydenum stick linked
to a special flange which allowed an axial shift of the stick also in vacuum environmeng Durin
the measurement it was very important reduce as much as possible the sample shift time in order
to minimize the drop in it; for this reason a special pneumatic piston it was used.
The measurements procedure has been explained in Chapter 4; all thesshayd been
polished by ERBICOL in ordeio achieveathicknessof 2 mm the surface roughness was .20
0.25mM.
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Total emissivity have been tested on laminates with composition 100% SiC and 80veit%ZrB
20vol%SIC;a set of three different specimefs both the compositions havieeen test in
order to get goodreproducibility and obtain a statistical trust value.

Figure 7.4 showshe measured total emissivity of Silicon Carbide multilayer in comparison to
values from otheliteraturesources: or resultshad an average valuespect to those measured
by Brandt et al.(131) and Pidan et al.(126) This underlined the dependence of experimental
emissivity values from the different method used to mesisLiPidan et al.have been performed
the test using plasma wind tunnel with a magnetoplasmadynamic generatorBrahitk et al.
usedthe firadiation comparison techniqgoga round sample is heated by an electron beam in
vacuum; the temperature is measlim a radial hole while a thermoelectric microsensor is used
to measure the total emissivity).

Overall the average value is around 0.85 in the 7OIDK range.

The picture inFigure 7.5 showethe sample surface before and after testing: in all cases th

- S1C #2
|| - SIC #3 %
i @ SiC #Brandt et al. o g
. . y - o
2 090 SiC #Pidan et al.
= .
: ) ";;;L\;;;,ﬂ,;/‘ L "_ *_
E 0.85 & -’; "‘ R e QX-IE ..... | -‘a . - o
=z a o
= 080 +2
= .
E‘ L 2
0.75 L 2 =
>
o
0.70 T T : ; T ;
600 800 1000 1200 1400 1600 1800 2000
Temperature [K]

surface was not damaged; moreover any weight variation was observed.

Figure 7.4Measurement of total emissivity for three SiC laminates: comparison between experimental and
literature data.

Before
Thickness [mm] 1.15 4+ 0.05 1.15 + 0.05 1.15 4+ 0.05 1.15 4+ 0.05 ‘ 1.15 + 0.05 1.15 4+ 0.05
Weight [g] 2.4460 + 0.001 2.4453 £ 0.001 2.4481 + 0.001 2.4480 + 0.001 24012 + 0.001 2.4007 + 0.001
SiC #1 SiC #2 SiC #3

Figure 7.5Photographs of SiC samples before and aftersvitig test.

In literature only very little data can be found on the radiative properties of A€Bbased
ceramics at high temperatuideng et al(132) reportedthe spectral and normal total emissivity
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values (in the rangdrom ZEm to 1&m) measured for prexidized ZrB/SiC composite
containing 15vol% C: the results showed that the total normal emissivity decrkelasadhe

testing temperate increased from 1373 to 2073

J.F. Justin et al(133 reported the total hemispherical emissivity of ZEBC/TaSj ceramic
composite before and after an oxidation treatment at 1273K showing values in the range from
0.8 to 0.95.

In our investigation the total emissivity of laminates with composition 80¥B,-20vol%SiC

(Figure 7.6) was found increasing in the range of temperature from 900K to 1300K and then
reached a plateau up to 1800K.

The Figure 7.7 shows the samples surface before and after testing: also in this case any of them
appeared damaged; hever a change in color was evident.

Usually the TPS should have a degree of emissivity above 0.8: a high degree of outer surface
emittance causes rejection of the major part of the incident heat flux to the envirqh8vnt

Both for SiC and composite made &Jvol% ZrB+20vol% SiC the emissivity resulted higher
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than the suggested value.

Figure 7.6 Measurement of total emissivity for three laminates with composition 80%4Z€B6SiC.

Before After Before After Before After

Thickness [mm] 1.525 + 0.05 1.525 + 0.05 2.50 + 0.05 2.50 + 0.05 2.50 + 0.05 2.50 + 0.05
Weight [g] 5.7334 + 0.001 5.7330 + 0.001 9.3960 + 0.001 9.3939 + 0.001 9.3954 + 0.001 9.3942 + 0.001

80%ZrB2+20%SiC #1 80%ZrB2+20%SiC #2 80%ZrB2+20%Si1C #3

Figure 7.7Photographs of 80%Zg20%SiC samples before and after emissivity test.
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7.2 Thermal conductivity of SiC laminates

Among the thermal properties which have a significant impact on the space vehicle surface
temperatures there is the thermal conductivity: it must be low especially in divection in

order to protect the capsule inner shell as effective as possible. This property significantly
influences the thickness of the TPS as well as the mass figures.

Figure7.8 shows t htemmpmeranadr ec omaluataiyern s hiaps Xo
and Z directiAhsabdf afBje (oF(ifdiagt.i on treat ment .
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The thermal conductivities) of SiC mnultilayer in three directions were calculated by Equation
7.1

k=r@ ® (Eq.7.1)
wheagies t hec ahaduyentdilW/i (ymLsK)t]h e dé]n,gii@ yt &Kgg meci f
[ J/ KgLK] and D the’ sevalnmaleegi@ilt esi ihtey v[arhue
di ffusivity and heat capacit(yl¥Fo)y pressurel e:c

The ther mal ¢ ondwhcetn vtietmpeesr afiteuornee i 8rgd@roe als5e0d0

From the comparesdn8heawderi Bugeiv7. 8B theis
t hercmalducit nvalkl ediirgtletdliywansed aft erbeaxxiudsat iodn
formation of a thin | ayer of silica which su
very | ow ther mal c ondk)d)tli3weimehyi c(hl ersess utlhtasn t20 W/
of thermal conductivity in SiC multilayer in
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7.3 Tests under Reentry conditions

The thermal tests were not onlgrformed on the single components of the TPS, but also on the
full assembly; wewill report the characterization on technological samples (size #&05@nf)

with external part made of SiC multilay@r37).

Tests of subscale fuhssembliesomponentgFigure 7.9)consisting of:

- SiC Multilayer

- Brazing interlayefusing TgSi; sC, powde)

- CMC

- Pore filled SiC foam

- CMC

- Brazing interlayefusing TiCuAg filler meta)
- Titanium plate

Figure 7.9150x150 mrfitechnology sample

Four sarples with the same configation underwent thermal cyclasnder three rentry
conditions:sample #6 has been submitted to 10 cyaleder vacuunmat maximum temperature

of 1612°C and moreover 40 cyclaader vacuum toasing profile reaching the temperatusf
1392°C. Sample #7 had been slightly otested: 50 cycles to 1392°C as maximum temperature
plus other 50 cycles up to 1612°C and in the end to other 50 cycles at 1a84¥¢les were
performed in vacuum

On samples #8 and #9 had been perform@&dtib@es each under vacuum (sdews9) or40 mbar

air pressure (sample #aching a temperature of 1392°C

The characterization of the sample surface had involved the Institute of Nuclear & Radiological
Science, Energy, TechnologySafetyN.C.S.R. "Demaitos” in Athensin addition to

Politecnico of Turin.
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SEM and MicreXRD analyss have been penfimed on samplewith reference number 6, 7, 8
and 9(Figure 710); the choice of using this last equipment instead of a standard XRD
instrument depends on thpaortunity to perform analysis on specific and little areas, selected
on the base of a variation in cateand shape respect to the multilayer original surface. All the

measurements were done using 300 um diameter collimator.

Figure 7.10 Photographsf samples surfaces after testing in AAC facility.

7.3.1Sample reference 6
A visual inspection of theample has been performed before analysing it with SEM equipment;
the sample surface showed very thin cracks (Figure 7.11Dlprigest ones were paralkel one
side of the multilayer and among them while shorter cracks propagated in the transversal

direction.
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