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The supporting system for the CLIC TviB@am Module plays a fundamental role for

the support and alignment of the R&mponents. Thus, the structural materials of the
girder and Vshaped supports, along with their corresponding joiniieghods need to

follow a dedicated studySo far, one baseline and onecstled alternative material

have been studied and the very first supporting system prototypes have been produced
out of both materials, and undergo validation testing. The stifpesperties in comb

nation with issues faced regarding the precise assembly of-t#i@aped supports and

the girders require an additional study. The aim of this thesis is to investigate and study
potential candidate materials which present similar machbhproperties compared to

the materials used for the prototype fabrications so far.

The thesis is divided by the theoretical part, followed by the experimental part. In the
theoretical part, the mechanical properties of selected materials are studliedran
pared. The factors limiting the material selection for the supporting system and their
corresponding joining methods for the different materials are studied. In addition, the
thesis focuses on determining an innovative testing methodology for thedsiater

als. Furthermore, the relevant optical inspection is foreseen to validate and to provide
additional information regarding treirfacequality and shape of the fractured area on
the candidate materials which will be tested. The goal of the tgsimgs to obtain and
process the experimental data through a series of mechanical and possibly radiation tests
on materialpecimes, in order tovalidate and confirm or reject the potential use of the
tested materials for CLIC fabricatigr&uch as theupporting system of the Module or
other. Moreover, the scientific approach of the thesis can result to a usefidaxtan

the material mapping that takes place for the CLIC structural materials.
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TERMS AND DEFINITIONS

CERN The European Organization for Nuclear Research
CLIC The Compact Linear Collider
LHC The Large Hadron Collider
ALICE A Large lon Collider Experiment
CMS The Compact Muon Solenoid
LHCb a Large Hadron Collider beauty
ATLAS A Toroidal LHC Apparatus

TBA Two-BeamAcceleration
multi-TeV multi-Tera-ElectronVolt

RF the Radio Frequency

DB Drive Beam

MB Main Beam

DR Damping Ring

IP Interaction Point

AS AcceleratingStructure

PETS Power Extraction and Transfer Structures
TBM Two-Beam Module

OFE OxygenFreeelectronic opper
EBW ElectronBeam Welding

MBQ Main Beam Quadrupoles

DBQ Drive Beam Quadrupoles

EM Conventional electromagnets
PM Permanent magnet

BPM Beam Position Monitors

BLM Beam Loss Monitors

CLEX Experimental Area

CTF the Linear Collider Test Facility
XFEL the X-Ray FreeElectron Laser
CTE Coefficient of Thermal Expansion
SiC Silicon Carbide

CMCs Ceramic Matrix Composites
Al>O5 Aluminum Oxide

B4,C Boron Carbide

TiC Titanium Carbide

CAE ComputerAided Engineering

The maximum tensile stress that a material can withs

before failure.

Compressive strength  The maximum stressin compressiorthat a material cal
withstand before compressive failure.

Ductility The ability of asolid material todeform plastically under

Tensile strength



Shear strength
Y o0 u nrgodwdus

Poi ssonods

ISRM
T/D
RFPA
ASTM
RoR
4PB
3PB

tensile stress

The maximum shear stress that a material can withstan
The ratio of lineatensilestress to linear stranwhen a na-
terial is under tensiorlt is alsoknown as elastic modulu
or tensile modulus

The negativeratio of lateral strain to axial straiwhen a
material is under compression in one direction

The International Society for Rock Mechanics

The thickness to diameter ratio

Rock Failure Process Analysis

The American Society for Testing and Materials
Ring-on-Ring biaxial bending test

4-pointbending test

3-pointbending test



1. I NTRODUCTI ON

CERN the European @anizationfor Nuclear Researcls amongsthe largest physics
research and experimentanterinternationally and provides a wide range of projects
for researcherand students. The CLICCompact Linear Collidgrstudy, aworld-wide
projectfor a future electroipositron collider, would provide a significargsearchesult

of the unique combinain of high energy and experimental precis{éor exploring
further knowledge of the universeTo realize the production of such machine, the
CLIC Two-Beam acceleration concewss proposed and the study of related technical
systems is progressing.

The currentchapterintroduces CERNtheexperimentsand theCLIC study, one of the
latest research projects, the CLIC FBeam acceleratioscheme andhe Modules.The
research methodology and the structure of the tlaesmesented as well.

1.1. CERNT The European Organization for Nuclear Re-
search

CERN, the European Organization for Nuclear Reseavels,founded in 1954 by 12
founding states. Sindden more countries joined the organizatidmday, CERN has

20 European member states (shown in Figure 1.1), one candidate (Romania) to become
a member state of CERN, three associate members (Serbia, Israel and Cyprus) in the
presstageof CERN membershipl]. In addition CERN hasa wide collaboratio with

nations from all over the world.

The Twenty Member States of CERN

Figure 1.1.CERN member stat¢2]



Asone ofthewor | dés | argest par t iislbcatel actoss she ¢ s |
FranceSwitzerland border. There amore than3000 employees, over 10,000 visiting
scientists and engineers, representing 608 universities and resesitcbesand more

than 100 nationalities, contribog to CERN programs[3]. In addition, hundreds of
students come to CERN famatning in researcland engineering fiekl One of he in-

tial goak of CERN is to understand theside of nucleus However, the development of
science is beyond thaitial goak. Today, the research is deeper thandiuely of nu-

cl eus, and the partskeyreseamrh area, whish istaestady ofe C
the fundament al particles of the wunivers
scientific machine The process and the resptovidecluesof the elementarparticles

to physicists. For this reason, itdanea huge engine to promote and pursuit the sc

ence, technology, and human knowletiygo forward.

There is aseriesof massiveexperiments caied out atCERN. The Large Hadron Qo
lider (LHC) is the largest and most powerfpdirticleacceleratoin the world andis an
approximately 27 km long ringnd constitutedof superconducting magnets. A heavy
ion detectora Large lon Collider Experiment (ALICEand a genergburpose detector
at the LHC, named as the Compact Muon Solenoid (CM3)arge Hdron Collider
beauty (LHCb)areintegrated detectors in the LHC rirlg addition one of two general
purpose detectors at the LH@e ATLAS, probes physics such #éise Higgs boson
dark matter etcThe map of CERN complex ghown in Figure 1.2.

Figure 1.2.Map of CERN comple]
Moreover, experiments at CERN require massive data pingessd analysiswhich is
conductedaround the worldand provideshe foundation for future developments in
compuer science. Briefly, research, technology, collaboration and education have been
CERNOGs ma sancerhi®9545%. i o n



1.2. CLIC study overview

The Compact Linear Collider (CLIC) study is focusing on the development of a design
for a multi Tera-ElectronVolt (multi-TeV) electronpositron (e+ € collider ata collid-

ing beam energy of 3 TeV with a luminosity of **cm? s* [6]. The energy rangef

linear colliders is extended by developing a new technologywafBeam acceleration
(TBA). The CLIC concept is based on the schem@&wb-Beam particle acceleration,
where the Radio Frequency (RF) power is obtained from a low energy but high
intensity particle beam, called Drive Beam (DB), and convenséti a parallel high
energy accelerating particle beam, called Main Beam (MB). The high energy patrticle
beams in Main Beam are produced and-gweelerated in the injectolhen in the
damping rings (R), ultralow emittanceis reduced before any further accelerat@n
transfer. The layout of the CLIC accelerator compéeshownin Figure 13.

326 klystrons 326 klystrons

33 MW, 139 ps I | ‘ circumferences I | I 33 MW, 139 us
delay loop 73.0m
drive beam accelerator CR1146.1m drive beam accelerator
2.38 GeV, 1.0 GHz CR24383m 2.38 GeV, 1.0 GHz
1km 1km
delay loop P 4 delay loop

@ @ decelerator, 24 sectors of 876 m
o _:'. _E. 1 BDS BDS f .ﬁ_ f ‘r
24501 2.75km 2.75km 2451
TAr=120m € main linac, 12 GHz, 100 MV/m, 21.02 km P e* main linac TA radius = 120 m

N\ V a—

48.3 km
CR combiner ring
TA turnaround
| booster linac, 6.14 GeV

DR damping ring
<BC¥
e e e* e’
PDR DR DR PDR
398 m ) 493 m 493 m {398 m

PDR predamping ring
Figure 1.3.The CLIC layout at 3 TeM]

BC bunch compressor
BDS beam delivery system
IP  interaction point

| dump e injector,

2.86 GeV

e* injector,
2.86 GeV

The whole process of small emittance begemerationand conversionrequires RF
power The construction aén approximately 48 km long linaemandsxtremely tight
geometrical tolerancesif level) and high beam stability at th&teractionPoint (IP),

one of the key issues of the CLIC studdosts of thecompments of the collider, such

as Accelerating Structures (AS), Power Extraction and Transfer Structures (PETS),
Magnets/Quadrupoles, Rtetwork, supporting system, alignment aneposition sg-

tems etc. require such geometrical tolerances.

1.3. The CLIC Two-Beam acceleration scheme and the
CLIC Two-Beam Modules

CLIC is based on a TwBeamacceleratiorscheme, and the innovative scheme of two
main linear accelerators is constitutgfithe MB andthe DB. All technical systems are
integratedn it. Figure 1.4 shows the principle of the Tv8@am scheme: RF power is



obtained by the PET&ndtransferred from the PETS of DB to the AS of the MB, and
the particledbeam acceleration is achieviedhe AS underafrequency of 12 GHz.

drive beam 100 A, 239 ns
2.38 GeV - 240 MeV

quadrupole
quadrupole power-extraction and
‘( transfer structure (PETS)

-w
—>12 GHz, 68 MW

main beam 1.2 A, 156 ns

9 GeV—-15TeV beam-position monitor T

Figure 1.4.Principle of tre TweBeam schemjg]

CLIC is divided into thousands of AS segmentsh@MB and PETS sectors the DB.
Meanwhile, dedicated waveguide networks and RF components realize the connection
between AS and PETShe smallest fundamental repetitive unittbé collider is the
Two-Beam Module The Two-Beam Modules are assembled in series and form two
individual approximately21 km long linac$6]. According to the technical requirements

of the particle beam, there are several types of-Be@m Modulesgo caled TBMs).

An indicaive type of TBMs (Type-1) is supported on a dedicated supporting sysasn,
shown in Figure 1.565].

ACC.STRUCTURE COOLING COMPACT VACUUM  MB
VACUUM (BRAZED DISKS) CIRCUIT LOAD ION PUMP QUAD STABILIZATION
MANIFOLDS = % UNIT

REF.
SPHERE

GIRDER

ALIGNMENT
SYSTEM DB QUADRUPOLE

PETS PETS ON-OFF
VAC. RESERVOIR  PETS SUPPORT MECHANISM

Figure 1.5.3D view of the CLIC Tw®eam Module (Type [B]



The RF components of tRéeBMs are housed on girders, the fundamentahponent of
the CLIC supporting systethatallows the precise alignmeof componentalongthe

two linacs. The RF componentsre repeagd periodically in the TBMs. A micro-

precisionis required in the structures so asatign and realize the particleeam coli-

sion All girders constitute a mechanically articulated chain alongwioelinacs. This
mechanical interconnectidarmst h e s oSnacleSkslt eef).on

1.4. Technical Systems

EachTBM is formed by different technical systen®he requirementsf the different
technical systems have to be taken into considerdtioing thedesign. The main tée
nical systemsre described in this section, such asR#estructures and RF system,
vacuum system, cooling system, magnet system and magnet stabilgetiern, beam
instrumentation, supporting and alignment syst&omegeneralinformation which
includesthemain components and thkey manufacturing issuesefollowed.

1.4.1. RF structures and RF system

For theTwo-Beam acceleratigrRF power is generated frothe DB, decelerated by
low-resistance PETSransferredto the MB and accelerated by a higiesistance AS.
Accordingly, the kinetic energy is transferred from a kighrent but low energy DB to
a lowcurrent but high energy MB by using the two RF strreguso that a high tran
former ratio can be realiz4@].

The smallest unit of the 12 GHz RF system is with asingle PEB, feeding twoAS

by the RF network, which is shown in Figure 1.6. A8 is assembled witlOxygen

Free Electronic opper OFE) bonded discs, irises, compact couplers and damping
waveguidesThen, a SupeAcceleratingStructure is formed by twéS. In parallel, two
PETS, together witl mini-tank andanoutput coupler, form a PETS uniia electron
beam welding (EBWI6].

COOLING CHANNEL CHOKE-MODE FLANGE

ON-OFF HO MAGICT

MECHANISM |

DB —» PETS Compact coupler

COMPACT )
COUPLER

A I._! RF network
8o v
VACUUM MB ) A 1 A 2
(oé}i',?Tx N > >

MINI-TANK )

VAC. INTERCONNECTION / WFMWAVEGUIDR REF. SPHERE

J

Figure 1.6. Lay out of RF system
(Left: 3D Layout of RF network; Right: scheme of RF sysiéjn)



The main components of the RF system are the AS, the PETS and the RF network t
gether withwaveguides and the RF components. The design hasg&aduoietrical and
dimensionedolerance requiremestaslisted in Table 1.19].

Table 1.1.Tolerance requiremesbf the RF systenf9]

AS PETS

Shape Accuracy 5em 15e m
Assembly 10e m 3le m
Pre-alignment 1l4e m 100e m

1.4.2. Vacuum System

To reduce the beagas interactions while beams travelthe particle accelerators, the
molecules of the residual gas left in thecuum atmospherarethe mainly restrictive
factor. Usually, the beamgas interactions limithe machine performance, such as redu

ing beam lifetime (which leads nuclear scattering) and luminosity (which saumur

tiple coulomb scattering)t also causes pressure and etatinstabilities Effects of the
beamgas scatteringot only increase the radiation dose rates in the accelerator tunnels,
but also increase the chance fioe detectorto seethe background in the experimental
areas resulting inthe material activationtunnel infrastructures untimely degradation,
anddegradation othe electronics in the tunnel and service gallg6¢sThus, the beam
vacuum system in the CLIC accelerator must comply with different design requirements
and the effects of the CLIC congx. Sq varioustypes of vacuum arable to bediffer-
entiatel from the vacuum chamber temperature (cold or roompé&rature), baked or
unbaked system, coated or uncoated charf@jeCurrently, the baseline of thHEBM
vacuum system avoids the odds of heating the vacuum enclosure for geometrikeal stabi
ity reasons, which leads to an unbaked system. The 3D layout of the CLIC maociule va
uum systems illustrated in Figure 1.76].

VACUUM NETWORK

VACUUMION PUMP

PETS <~ oo \
VAC CARTRIDGE PUMP @, «é BELLOWS AS

w \ VACUUM FLANGE
‘) MOBILE PUMP PORT

VACUUM RESERVOIR

Figure 1.7. Layout of the CLIGModule \vacuum systerj®]



A vacuum pump is connected with two cartridge pumps by vacuum flanges through
vacuum reservoir tubé mobile pump port with a roughing piston connects a mobile
turbo-molecular pump station that is for preliminary evacuating. Such interconnections
between main components offer a sufficient electrical continuity with low impedance
but flexibility to sustairthe vacuum force and without limiting the alignmehthe RF
component$6].

1.4.3. Cooling System

The demanded RF powes usually dissipate as athermal energy in the BM struc-
tures. To minimize the average dissipated power per unit length, and compeasate th
nominal operation temperatutie cooling system is an essential part to be considered
in TBM structure. Becausef thedifferent structureshe MB Quadrupols, the cooling
layouts of alltypes of TBMs aredifferent Besides, the requirements of vacyuatign-

ment and mechanical stabiligyve demandsor the cooling system. Also, the tightlto
erance requirements of TBM define the parallel cooling configuration. Circulating water
of the cooling systens used to cool down about 95% heat of the components in the
Modules of each 21 km long linathe size of cooling pipes is affected twe TBM as

well. The temperature difference betwebe different typesof TBMs also influence

the diameter ofhe coolingpipes[6].

1.4.4. Magnet System and Magnet powering system

The magnet system is constituted primaafythe Main Beam Quadrupoles (MBQ) and
the Drive Beam Quadrupoles (DBQ). As a group of the major components dihe T
the MBQs (2010 units per linac) arequired to focus the MB along the linacherl
MBQs have various lengths and quantities depgnoh the type oQuadrupoles. There
are four types of MBQs, which have the same csassion dimensions (with a 10 mm
magnetic aperture and 200 T/m nominal ggats) and identical operational parameters
However,the active (magnetic) lengik differentiated per MBQ. Ae crosssection of
the magnet is optimized for the beam requiremértis interconnections (electrical and
hydraulic) are not optimized for tHdBQ prototype phaselhe bearrsteering corre-
tion capability is required along the MBp asmall dipoleis addedto each MBQ. In
parallel, each TBM contains two DBQs (20740 units per linac), which app@ay the
beam in adedicatedconfiguration on eacModule to keep the DB focumgy along the
decelerator$6]. Based on the design of the TBM baseline, the assigned space for the
DBQs is constant along the deceleratex®en when the working gradient changes
Therefore, aConventionalElectromagnets (EM) é#gn andan adjustablePermanent
Magnet (PM) solution are conducted

The radiation levels in the Main Linac tunnel may have a significant effect on e po
ering of the 500 magnets. With the power transfers in the tunnel, more aspects will
be affectedsuch as the mean time between faillaed theefficiency. So, the powering



of all magnets is done in dedicated radiaticae caverngone per accelerating sector
The powering strategy of the MBQs and DBQs has been created in order to minimize
both lengh and crossection of the cables which are used for MBQs and DB{s

1.45. Beam Instrumentation

The TBM beam instrumentation mainly includes Beam Position Monitors (BPM) and
Beam Loss Monitors (BLM). Beam instrumentation will be placed above special girders
at the end of each DB decelerator for the MB and/ladlules of four types fahe DB.

The MB contains about,d00 BPMs (one BPM peQuadrupole) Meanwhile, the DB
requiresabout 42000 BPMs (two Drive Beam BPMs pktodule). Therefore, there will
be a largequantity of BPM producefb]. Besides, due to thgid connection between
BPM and quadrupolehe related pagon (both x and y directions) caat be adjusted.

To measure the BPM positiavith respecto the quadrupole, the alignment objective is
built on the top. In addition, only 25 mm shettip line BPMs will be used for the DB
BPM, which will enable the measurement from DB BPMadrupolg6]. As an n-
tegral part of the CLIC machine protection system, the paiposeof the BLM is to
preventthedamage taheaccelerator components and to monitor the daily operation.

1.4.6. Supporting and Alighment system

All micro-precision CLIC structures are mounted and aligned on girders. All girders of
CLIC Modules constitute the Snake System, as Figure 1.8 §bpws

21 km

‘ >

RFE Components ,
Suppor. System

Amculatlonpomts of Snake System (actumon atx & y axes)

/ RF Components ©)
Suppor. System , oo

Side view Cross section
view

Figure 18. The s uppor3ysntge moSBlcacknec e p t

To realizethe different technical requirements for supporting and stabilization of the RF
components, theupportingsystem is mainly constituteaf girders, \fshaped supports,
actuators, crdles and alignment sensors, as Figure 1.9 si@ws



Drive Beam
Drive Beam Magnet supporting space
V-shaped Support -~
N

Alignment Sensors

5 i - e Supporting plate
Drive Beam 3 o S

»

Main Beam
“~._V-shaped Support

Actuators
Cradles

Girders

Figure 1.9.CLIC TweBeam Module (Type 0) supporting sysféin

The intermediate parts between the RF components and the girder areshiaped
supports. The essential issofethe supporting system the stiffness of the girders and

the \-shaped supports, whi@resupposd to have higher stiffness values compared to

the other components of the CLICBMs. The possible static deflection of the girders

and \:shaped supportsak to be considered when calibrating the actuators. Tive su
porting system must also contain a reference transfer system to represent the beam axis
with respect to the outside surface of the RF structiijiesThe detail engineeringed

sign and technical requirements of the girders and tshaped supporiare described

in chaptertwo.

To avoid overmuch emittance increasing, all the beam line elements, especially the
BPMs, have to be aligned with high accuraésich linac needs to dmuilt with a con-

plex prealignment system, which usa sequence of overlapping wires along the whole
linac lengthas a reference line. The pregnment of the TBM will take place without
particlebeams.The alignment system is divided into two stePseis the mechanical
pre-alignmentof all components between + 0.1 mm &nf.1 mm with respect to the
metrological reference netwarkhe other is thactive prealignment which determines

in reality position of each component andadguss respectively theaormal position of it

via the remotecontrolled actuators].

1.5. Case study and structure of the thesis

In the present thesis, tlstudy of three types of candidate structure mateisgisesetr
edfor the supporting system of the CLIC TvB8eam Module. Theo-calledCLIC for-
ward materialstudyis a new project leading to furthstudyof the structural mateals
for the supporting system. The thesis focuses on studying three cadegigotential
structuralmaterials based on currgnused baseline andtainative structural materials
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of the supporting systenit can resulin a meaningful application fogeneral ofmap-

ping the future CLIC structural materialBhe current study angecentapplication o

the supportingystem of thdorward studyareimplemented step by step. Starting from
studyingthe technicakpecification of the supporting system and investigating potential
materials for simulation and mechanical tests, finally material propertiemalgzedn
different stages. The mechanical teges ielated to the material properties which will
affect the application of manufacturing and operating of the suppastisigm. The
simulation is considered the only way to preliminadigtermine theneededY o un g 6 s
Modulus, stresses, strain limit, and deformations. A aapn of the simulated values
with the experimentally obtained dasapresented. The structure of the thesis relies on
the implementation of above mentioned processes. Amongst themmalatsbns are
conducted by the help of the ANSYS Workbené&tDkoftware.

The main CLIC technical systenase presented and the key technical requirements of
the supporting system are introduced during the studying prodéssalignment e-
quirements arealso presented. The maigoal focuses on the materials, properties and
applications.The technical conditionsf simulation and mechanical experimeat®
alsointroduced The thesis presents the principbesd strategiesf materialselection

sample design, simulation and mechanical tests. In the discussion part, the results and
the experimentabpproachare evaluated. Alsduture types of tegtg such as radiation

tests andhermalanalysisareconsidered
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2. ENGI NEERI NG PE3HGN SORPOR
| NG SYSTEM ANDDNRALRWARATER- AL
LECTI ON

The currentchapter describes the engineering desigd theoperational conditions of
the supporting systerithe main components tfie supporting system are describéd.
addition, the baseline material, alternative material and candidate materials @re intr
duced.

2.1. Boundary and operational conditions

As mentioned irchapter ongthe tolerance requirementor thealignment of thefBM
components are challenginbhe girders are positioned andalkgned parts of the g
porting system in the underground tunnel

The extremities ofach girder are mechanically connected with a cradle. On each cradle,
two verticalhigh resolution linear actuators and one radial high resolution linea-actu
tor together with a mechanical -alrdnagal att
tion formed by two adjacent cradles equipped with their actuators provides #iree d
grees moverant, also described asasterslave movemenilQ]. It helpsto realize the
micro-position adjustment towards X, y or z axis, as Figure 2.1 presents. In addition, V
shaped supports are used to link girders and RF structures. To realize the alignment of
RF gructures with respect to the particle beam axis, npasitioning reference i

quired for each of the 3ghaped supports. The main differences between all types of
supporting systemarethe length of the MB girders, as shown in Figure 211.[1

TyPE O TyrPe O TYrPE 1

DB (L = 1946 mm) DB (L = 1946 mm) DB (L = 1946 mm)

Conceptual example of “stand-alone” motorized station

_ : Girder @ : Vertical Linear Actuator

: Cradle <> : Mechanical Articulation Point B : Radial Linear Actuator

.QO

MB (L = 1460 mm)

6;% 6;%
6;% 6;%

SCHEMATIC
INDEX

Figure 2.1.Schematic representation of the mastieive movement for TBM1]
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A configuration ofindicative girder isillustratedin Figure 2.2, which has maximum
length of 1946t1 mm, maximumheightof 320+1 mm and widthof 150 £1 mmwith

50 mm wallthicknessof the cross sectionThe tolerance of flatness of the reference
sufaces is 810 em. Due to the space limitationa,compact girder design is required.
Based on a series of studies aakiriginto account the existing manufacturing methods
and the valid precise machining methods, a rectangular hollow tube was chosen for the
baseline configuration of the girder. Suclke@anfigurationis defined asa result of an
extensive optimization, with thallowed static deformation value of no more than 10
em under t h estructoresieammyile mthecrBsE sectionésuch asa solid
I-shaped girder cross sect)drave ben evaluatetl 2].

Figure 2.2 CLIC Module girder baseline configuration

To preserve the alignment of the particle beam in a few micrometers, the girders shall
maintain the damping and isolation of the dynabebaviorof the CLIC TBM[6]. As

one of the largest and important component for the MB and the DB, the maineparam
tersfor the girder are listed in Table J111].

Table 2.1Main technical requirements of girdgfil1]

Parameter Requirement
Modulus of elasticityYoungs Modulus) O 320
Mass per girder (universal) O 240
Maximum vertical deformation in loademndition 10 em
Maximum lateral deformation in loaded condition 10 em
Maximum weight on top of the girder (distributed load) 400 kg/m
Loaded girder eigenfrequency’(Imode) > 50 Hz
Unloaded girder eigenfrequency'(inode) 700 Hz

The maximum weight of each girder makes material selection process more challenging.
Several industrial materials such alsminumalloys and stainless steels were initest
gated and excluded due the strict requirements of girders. Structural materi&is li
carbonfiber compositesas nd met al foams coul dndét meet
previous study6]. Besides)]ow staic deformation values amequired. To archive the
stiffness requirement for the girder material, a group of potentially interentteyials
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werestudied and compad Various static deformation values aemmarized in Table
2.2[10, 12].

Table 2.2 Material comparison o6Girder [10, 12]

Materials Static Deformation
|l oaded with RF

Aluminum -606:AHC 43.39
Austenitic Stainless Steel 36.49
Beryllium 82.64
Carbon Fiber Composite 66.68
Epument 140/5 15.08
Epoxy-Aramid Fiber Composite 69.96
Silicon Carbide (SiC) 3.8

Structural Steel 36.29
Stainless Steel 440C 35.32
Titanium 48.46

In above simulatiorreault table, a baseline materialSilicon Carbide (SiC) with less
thanastatic deformatiom f 1 Waspraposedand an alternative materiaEpument
145 B with slightly more than a static deformationof 10  ewas shown. Despiteits
static deformation resulthe Epument 145 B still considered for further research on
girders.

The V-shaped supportsaveflatnessrequirementon their upper surface to ensure the
RF structures are aligned while the accelerated beams pass through. Hhaped
supports have to be firmly fixed on girders.

There are two prototypes of girdedne is made from the baseline material SiC, another
is made fronthe alternative material Epument. Correspondinglyshaped supports are
made from SiC and stainless steel. Because of the mechanical propediegped SiC
supports have to be brazed on SiC girders. While the stainless stbap®d suppast

can be mechanically fixetd Epument girder§l2]. So far, the combination of SiC dir

ers with SiC Vshaped supports works well, except it is hard to transport the wéiole a
sembled structure. But the combination of Epument girders with mechanically fixed
stainless steel Mhaped supports has some assembly stability difesulThe detail
informationis presented in the following section.

The cradles are equipped with pasiing sensors and inclinometevghich are assa-

bled on each longitudinal extretyiof the girder. The vertical and lateral displacements

of the girders are provided by the high resolution linear actuators. The Figure 2.3 gives
a schematic view of a cradle with actuatf¥8]. Thanks to nananetric adjustments,



14

the actuators provide the possibility of moving, regulating the positiotiraet; main-
taining a stable position of girders.

INCLINOMETER
/

POSITIONING POSITIONING

SENSORS CRADLE SENSORS

-\ ' _

N /

ACTUATOR
™\
\

ACTUATOR
GIRDER

ACTUATOR SUPPORT
\
Y

ACTUATOR SUPPORT
—_—
/

SUPPORTING PLATE

| E====== ¥

Figure 2.3 Schematic view of the cradle with actuators and sensors assgi®jled

2.2. Key parameters of the material study

The forward material study is based on the established technical specification of the
supporting system. The background of structural material should sustain the faging e
fects of highradiation For the TBM, there are two different tesinfigurations. The

first configurationis to realize integration and operation of different accelerator gemp
nents and suBystems in a linac. This configuration involves installing CLIC Modules
in the LAB ( wi-tposdponent)Wwitk miteriparticke keam acee
eration nor RF fieldThe RF ASandquadrupoles are replaced by magksmadeof the
same material andaving the samgolume The mockups havereal mechanical fus:

tions and precision of geometrical toleranCEsis conception is asloseas possible to

the one offuture CLIC machineThe second configuration is the Modules in the CLIC
Experimental Area (CLEX). The Modules are installed in CLEX with particle beam
acceleration and RF field. The real componentsraegjrated to the existing test iafr
structures and testing environment.

A series of tests should be condudtedrder b understand the properties of the selec

ed material and to use the material in pro@plication The mechanicaperformance

of materials is very important for analyzing the material failure situation, anchéhe
chanicalproperties of materials are obtained s®riesof mechanicakests.In the ne-
chanical testst is fundamental for the material to be homogenewus behave hooy
gen®usly, becausehe homogeneity of the microstructure of the material is enough to
representhe averagéehaviorof the material on anacrescopicscale However, impi-

rities always existin materials and it is very hard to produce puoraterials. In this
study, the material which presents homogeneous behavior in all directions of its cross
section will be investigated, simulated and tested.
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SiC is used in the existing CLIC test facilities such as CTF (the Linear Collider Test
Facility). It appearso havethe best stiffness tsampling ratsand the minimum static
deformation. Thus, SiC is chen as the baseline materwdlgirders. Moreover, eh

girder has the maximum two meters length requirement. It requires restricted feasible
fabrication methods in industry (such as the size of furnace, material homoggsjeity)

For this reason, the sine&tSiC composite is applied on girders.

In addition, a mineral cast material called Epument 145 B is made from epoxy resin
reinforced with different sizes of rocks. This minerakt is used for the girders tbfe

X-Ray FreeElectron Laser (XFEL) accelerator in PSI [16]. Compared with SiC,
Epumentinvolves less fabrideon steps (no casting moduleshort production cycle,

easy mechanical assembly flexibility and about 10 times lower cost. Thus, Epument 145
B was introduced as the alternative structural material for the girder of the CLMC TB
[10, 12].

Currently, aprototype of the girders is made from the baseline material SiC. Another
prototype, which is made from the alternative material Epument minasal is still
undervalidation. Thus, a reference material of thesWlaped supports with gect to
each other and to the girder cradles is needed. The detail is explained in section 2.3.

As mentioned, girder has micrometric precismachinng requirement. When choosing
materials, the corresponding transportation, assembly and all possible operations have to
betaken into accounDue to the temperature changes during operation of the machine,
materi al wi || expand. entdf @reentl dxpansion (GTE)e r i a
has to be considered. Besides, high resolution linear actuators are used fer micro
precision positioning for the supporting system, and the girders are installed with them.
Because the actuator is quite expensive dettiaannot be changed without a signif

cant budget impactet, the material can be selected camthe density of matedls. In

order toselecta material under the maximum weight required, tlurgeriaare fun@-
mental: the Yoogé modulus, the Poison ratio, atfé density.

2.3. Material selection

To supportthe gatic loads othe TBM, a fulfill girder is required. Considering the-r
guired homogesousbehaviorof each material, a comparison study is essential.

Through the comparisan Table 2.2 the selecton rangeof materialscoversfrom me-

als to plastiandceramicsMore candidate materials need to be studmdthe needs of
the forward studyeven though a baseline material SiC is used, and an alternate« mat
rial Epument 148 is under studyindor CLIC girder. This section introducethe bas-

line material, the alternative material and three candidate materials.
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2.3.1. Baseline material (SiC) and Alternative material (EPUMENT)

Silicon Carbide (SiC)s a compound of silmn and carborj16]. It is a ceramic material
with propertiessimilartod i a mq such@s high hardness, low bulk density and high
oxidation resistancel[]. It is extremely rare to find SiC in nature, and it is difficult to
manufacture higipurity SiC. This, most of thendustrially usng SiCs are made from
synthetic methods depending on tegerequirementsUsually, SiC is sintered hot
pressedor reaction bondedlB]. Impurities like boron can be added for sintering, or
introduced in reaction bondinBirect-sintered SiC and reaction bonded SiC are the two
structuralfamilies of SiC. The direcsintered SiC is a higpurity product, which is
made of compacted and sintered submicrometer SiC powder at more thetC2D0o
ferent from the direesinteredSiC, the reactiorbonded SiC is madef the porousmix-

ture of SiC and carbepowder infiltrated with silicon metal [19].

SiCs have many different crystalline structures, also called polytypesp ha -Si C (
SiC) has hexagonal crystal structuteis formedunder 1700 °Candis a polymorph

which is used oftenSiC has high hardness (Z&Pa), excellent thermal conductivities

(11 W/m.K), low thermal expansion coefficient which provides very good thermal
shock resistance, and high strength (500 MPa)refbie, SiC is widely used irrefrac-

tory applications 19], such as radiant heating tubes in metallurgical Hesting fu-

nacesgcar brakes, clutas bulletproof vests, sertionductor materials, and LED pie

ucts. SiC composite material is a very impottanaterial for using in nuclear fusdac-

tors andnuclear fuel claddingdue toits properties otigh temperature, high voltage

and highresistance tthermal conductivity

One of the strongest ceramic materials is sintered $9C Giuseppe Magnani et al.
mentionedn their study thathrough sintering boron and carbon with SiC powder, the
flexural strength is affected by the reduced grain size, while the hardness and fracture
resistance remaineaghchanged16]. The main compositioof the baseline material

SiC compositewhich has been used in girdirsinteredJ-SiC. Thedensityof the SiC

is 3.21x18kg/m®, the CTEis 5.2x10% °C during 20°C -1400 °CtheYou n g 6 mo d
lusis 420 GPa anthePoi ssono6s r at i o ofithe used Si@§ attaciiel e d a
in Appendix 2.SiC has high rigidity, but it is very brittlelThus,the fabrication andas-

senbly methodologesarechallenging. The Whaped supports are made of SiC as well,

so brazing ibn girder is possible.

Ceramic matrix composites (CMQsjaintain the highemperature properties of cera

ics but overcome the low fracture toughness of monolithic ceramics. Howeverp-comp
site materials armicro-structurallyheterogeneou()]. To performdesiral mechanical
tests,making CMCsbehaviourhomogeneus is important.The alternative material
Epument 143 is provided by amndustrial firm. It is a threeomponerg cast polymer
based on an epoxy resincluding a materialwith a combination ofspecial filler.It is
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described as a homogenous composite material, which has high rigidity, low thermal
conductivityandthe CTE is close to stésl Not only that, its creepehavioris very low

under stressEpument 145 Bs used for castg large constructions which requinggh

static and dynamic rigidity, such as vibration engines, gears and turbines. This mineral
cast Epument hadensity ofapproximately 2.4 g/fatheP o i s s o ris®.8 andtaet i o
Yo u n g @éslusimmfrom 40 to 45 GPa The datasheet dhe Epuments attached in
Appendix2. Epumentcan be assembled with mechanical methods, so that-sayed
supports which are mad# stainless steel alloysould be mounted on girderfuring
transportation, the fmount could be daneasily as well. Since the supporting system
has high micreprecision alignment requirements, to meet such demand, the mechanical
assembly becomes challenging.

As mentioned in the technical requirementshefgirder, the defined minimum Youfg
Modulusof the girdematerialis 320 GPa. However, the Youisgnodulus othe alter-

native material Epument 145 B is around 45 GPa, which is much lower thanethe r
quired valueDespite the low moduly&€pument is stilconsideredas a referencmate-

rial in this study becausé has been applied in similar supporting cases (XFEL in PSI)
andis 10 times less expensite manufactue. Even the Youn@ modulus is 45 GPa,

the static deformation with loaded RF components is arounari5The technicala-
quirerrents of 320 GPa was defined only after studying and establishing the SiC as a
basline material. In this case,cambination of mechanical propertiesed to be stal-

ied for each material.

2.3.2. Candidate materials

Since those mentioned challenges exiggrward study of the girder structural mater
alsis continually conductedrherefore, ajroup of candidate materialks proposedAl-
uminium Oxide(Al,03), Titanium Carbid€TiC), Boron Carbid¢B4C), Macor machi-
able glass ceramifMacor), QC-10 mold plate and forged blocknd Anocast silica
filled epoxy polymer composite.

Boron Carbide (BC) is ahardceramicmateriallike diamond and cubic boron nitridk
can be manufacturey reacting and fusinghe boric oxide and carbon at very high
temperature (more than 2000) [18]. The commerciaB4C products are made through
hot pressing or sintering and hot isostatic pressiiog.pressig sinteringin a furnace is
the most common fabrication methfil]. Most of thecommercialB,Cs are more like
a composite oB4C and carbon ira graphic form.B,C hasrhombohedrdike crystal
structure. The graphic carbon limits the strengtB4E [18]. B4,C has density of @
proximately 2.48 g/lcni, theYo un g 6 s nford 450 GBao #79 GPa, and the
CET is 510°/ °C. In the study of H.K.Clark et al. it shows that the crystal structure of
B4C hasa consecutivelyponded threglimensionaform with the presence of the carbon
atoms[22]. Thus B4C presents exceptionally high hardness, high stiffiegsdensity,
low thermal conductivity and godtiermal neutrorcapture ability 18, 23. Therefore
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it is used asa refractory material in many important applications. It can entange
amounts of rdiation damageand so can based in the nuclear industry as a neutron
absorber and shieldinguaterialand neutron moderators. Moreover, it is used in high
temperature thermoelectric power conversion to absorb the thermal neutron that libe
ates a low engpy particle[23, 24]

Polycrystalline glasseramics can be formedy controlled crystallization of special
glasseg25]. Due to a wariety of processing methodsat areapplicable in manufactu

ing industries, Macohas drawn attention. It ista&vo phase white ceramiccomposite of
approximately 55% fluorophlogopite mica and 45% borosilicate glass, which contains
silicon, magnesiumaluminum potassium, boron and Fluorinéhe CET of Macor
makes itfits together withmost of metals ahsealing glassedt alsostands high t@-
peratures (maximum 100W). It has good radiation resistance, excellaatilaton at

high voltages and different frequencies. Macon b machined with normal méta
working tools,so complex shapes and precision parts can be achieretithe tight
dimensional tolerancean be metit proves to be a machinable materhhcor can also

be joinedandsealed in different ways. For example it can be soldered and brazed with
metalized components. Macor has been widely used irhifravacuum environments,
constant vacuum applications, aerospace industry, nudkded &periments and
welding nozzle$26].

Aluminum Oxide (AbOs) is also called aluminaeramics It includes a family of mat

rials which contentsf Al,O3; from 85% to more than 99 %he properties of alumina
dependhighly on the percentage of Abs. Those differences result in diverpessible
applicatims Among of those, high purity alumina whidontainsmore than 99%
Al,O3 has a much simple microstructure of equiaxed AD; grains, comparedo the
commonly elongated shape. The grain boundary phase can be amorphous or/dnd crysta
line, depending on theay of processin§24]. Alumina usually appears as a crystalline
polymorphic phaselU-Al,Os;, manufactured through sintering at high temperature
(around 1600C to 1700°C) [27]. Thegrain size, porosity, purity and size distribution
of ceramis affect the properties of sintered ceramics, such as strength, faggue r
sistance and fracture toughness. Wattmall grain size and very high purity, alumina
presents excellent compressive strength, dtediral strength, high hardness and low
electrical conductivity 24, 27. Besidesthe application irorthopedicsurgery, &umina

is alsoused as a refractory material for making furnace construction and kiln rollers.

&
s NEe Macor

B4C RN 3
Figure 2.4. Products of BC, ALbOz; and Macor R8, 29, 30|
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Titanium Carbide (TiC)s produced by the reaction between T&hd carbon powders
at 1600°C to 1700°C. TiC has low density, good higtemperature oxidation resistance,
goodthermalconductivityand chemical inert ability to steel and irf81]. It also has
high hardness, preferred corrosion resistance and thermal stability.

AnocastSilicafilled Epoxy Polymer Composites can be used for vibration damping

products. This feature is better than metals and naturalsshkave Compared with
metal structure, it has better thermal stability and dimensional stability.

QC-10 Mold Plate and érged Block,an aluminum alloyjs designed usually for pf
duction of injection moldslt has low density, goodtability and durability Its mam-
facturing time can be greatly reducemmpared with steelt can be machined by ele
trical discharge Besides, plishing and texturization are alpossible

Taking into account the manufacing feasibility in industrialand the cost aspect of
manufacture, the candidatewsttural materials fothe girder to be investigated amtio-
senareB.C, Al,O3 andMacor, as shown in Figure 2.4

2.3.3. Summary of candidate materials

After a pre-selection of the candidate structural materialgfiemgirder, B4C, Al,O3 and
Macor are all have similanechanical propertieshentaking SiC and Epument 145B
as reference In addition, herelated products can be producedhaindustry. The re-

chanical properties of three candidate materials are summarized and compared with

baseline and alternative materials in Table[32}.

Table 2.3 Materials comparison

Materials SiC | Epument 145B B.C Al,O3 (99%) | Macor
Density (g/cm®) 3.21 2.4 2.48 3.81 2.52
Youngds (@Pajl| 420 40-45 450470 370 66.9
Poi sssation 6 0.16 0.30 0.17 0.22 0.29
Flexural strength (MPa) | 450 3040 440520 340 94
Compressive strength || 130150 \ 30001900 | 345

(MPa)
CTE (10%°C) 5.2 15 5.0 7.6 12.6

As described in Table 2.8,C hashigherYoungés mo duTha fact thadt a n

Al,O3; has smalleiYo ung 6 s mo 8i@is stllsscientHically interesting to verify
whether it can be used fargirder construction or notMeanwhile, due to the diversity
of machining methods, the manufacturing amest be reduced Macor could be used
for girder.

S
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3. EXPERI MENTAL B TRMANMMEKEL-E D
S| GN, PROCUREBEMENIA LANDONT ROL

Mechanicalpropert characterization isommonly used for research and development,
quality control, and design data generatiDifferent testscan helpto investigate de-
velop andapply materias properly[33]. At current stage, the study thfe performance

of materialsis supported by research and development testing in comparisomto co
peitive materials. By this, the costs of the material and the accurdbg wiaterial data
can becontrolled Therefore, aseries of mechanical testare programmedn orderto
determine and understand the mechanical prpdrthe materialand to charactere

its performanceand applicationsThis chapter describes the principl mechanical
tests used for studyinpe materiaks, specimen design, procurement and quality control
of thespecimensThedetailed mechanical tests are presented in chiqter

3.1. Experimental strategy and sample design

3.1.1. Brazilian disk test and the configuration of the specimen

Tension test andompression test ate/o of the most common mechanical edtrom
thetensionand compression test, the material behavior characteristics can be easily d
termined by the stresstrain curves 34]. For ceramic or ceramic composites, the-te
sion test requas a specimen with a single stress componBm testshould also be
cost effective with reasonable turnover period ahduld besasy tobe conduced [35].

The basic geomatrof the specimeffor both tensile test and compression test should be
without erd tabs. Theshape of the specimeaman bevarious. It depends on the type of
tests and the used test standagd [

Braziliandisk test is a commoascientificway to indirectly measure the tensile strength

of brittle materialg(including rocks concreteand rocklike material$. In addition, d-
servations for the material homogeneity can be nthdrigh Brazilian disk teqt36].
DiYuan Li et al. reviewed numerical researches that had been done on Brazilian disk
test This test icommonly used taletermire the tensile strength of rogksecause the
specimen preparation is easier tharthe uniaxialtensiletest [36]. The detailsof the
Brazilian disk tesare presented in chapter four

In theBrazilian disk testa thin circular dik, made from théestedmaterial is loaded
by a uniformforce and compressed to failur8g. The disk is assumed to beom-
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pressed across its diameter to obtain the indirect tensile strengthtestisdmaterial.

In Brazilian disk testone side of the disk is fixed and the symmetrical side of the disk is
getting the external loads, until the disk is rupturgte geometry of th8razilian disk
testis shown in Figure 3.1:

Load

P '*l
S -‘-\\\,.,_\_..’\\ Shear fallure
G

\
\I

| \
t " | .
et f Tensile taill]ue

(@) (b)
Figure 3.1 (a) The geometry of thBrazilian disk tes{P: uniform load, t:itension)(b)
Transition between shear and tensile failure modes in a solid disk Bralzdian disk
test[ 36|

As figure 3.lillustrates, the strengtbf the materials increasing from inside of the tes

ed specimenwhile the load is applied on the diskieinitial cracking points are located

on the contacting surface of the specimEme transverse direction refers to the vertical
loading direction along the diameter of the specinifathe rock or rock likematerial is
homogenous, the straight liike crack can be either single or double cracks in the disk
center, and is developing along the vertical diameter. In the paper of Hadi Haeraet al.,
detailed study indicatedifferent crack propagation patigereformed from the coate
cence of either one or two pexisting cracks in theentralareaof the specimend7]. It
provides a theoretical foundation for the study of the formation of crack pattern in the
damage zone of heterogeneous material undec statdynamic loading conditions,
which will be explained imetail inchapter four.

In the study of Yong Yu et alit was mentioned that the International Society for Rock
Mechanics (ISRM) proposiehe thickness to diameter ratio (T/D) of the specimen for

the Brazilian disk tensile test to be around 0.5, assuming that the rock materials are h
mogeneous and linearly elastic. In addition, the National standards and specifications
for rock tests in Clma suggested the T/D ratio can be in between of 0.5 an®d.0 [
Based on el asti ci t ysigniftanteffect on the stress distribufion r a |
in specimenThe stress concentration exists in the traditioBedzilian disk testand a
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high T/D ratio is involved according to Hudson et a9J. So, in the study of Yong Yu

et al., a T/D ratio of 0.2 was useddompare witlthe one used ithe traditional methad
More accurate measurement results were obtained in their modified test method. Fu
thermore, m the study of K.Kan et ala comparisonwas done orthe specimens with
differentgeometrical dimensionthrough theBrazilian disk testlt is found that the d
ameter of the speatien haseffect on the fracture toughness. The recommendedithic
ness and diameter of the Brazilian disk wasposedoo [40]. In addition, Abbass et.al
indicated that the failurbehaviorof Brazilianspecimes are not affected by their dia

eters with a constant thickness [41].

Therefore, bBsed on thdestedmaterialand the stratgy of the Brazilian disk testa
proper specimen is essentialorder to conduct such a tebt this study, he Brazilian
disk testis conductedt first, to verify whether théested materials homogeneous or
not, so that the fadwing studies and tests can be processed smoothly. tésted ra-
terial is homogeneous, the cracking of the specimiéinbe vertically along the diaea
ter. Therefore, he configuration of the temtl specimendor Brazilian disk testis de-
fined and showin Figure 3.3 the size of the disk i$00 mm diametelpy 30 mm thik-
ness.

Figure 3.3. Configurationof a specimen for Brazilian disk test
(Diameter: 100 mm, thickness: 30 mm)

In the Brazilian disk test, the compression that the specimen recainsists of the
tensile stresses thate perpendicular to the vertical diameter, are basically constant
through the region around the center [36]. Based on the fact that the failure occurs at the
point of maximum tensile stress, the indirect tensile streofyBrazilian disk test can

be calculadd.As the ASTM 200&efined which was mentioned in the study of Diyuan
Li, the t euiMPa)lbasedwr tieaziligntdisk tasts

8 = — = 0.636—, (1)
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where P is the compressive load at failure (N), D is the diameter of th@rdisk and L
is the thickness of the disk (mif86]. With the measured tensile strai(mm/mm) the
Youngo6s msotopid noateriabf Brazilian disk test E (GPa) can be calculated

by

E 3/ 8@rctan-, (2)
wheries Gt he tensil e str es@Em/imMRmatan; repiésents s t |
the slope of strainstress curveThe formula gives the relationship betweerig n @ U
Al so, the Poissonds ratio can be calcul at

3= /Up, (3)

wherel} is the transverse strajmm/mm) |, idkhe axial straifmm/mm) The Youncg
modulus of Brazilian disk test will be compared with the one from the following-three
point bending (3PB) test. Thestedmaterial is homogenous if and only if the earr
sponding values are the same.

However, in the thesis, thestedmaterial might be not homogenous. In the study of Ye
Jianhong et al., an interesting calculation for-homogenous material in the Brazilian

disk test was proposedd]. With the equation (1), thstressdistribution in Brazilian

disk was presented in #ir study. As Figure 3.4 shows, whtre stress concentration
locatedat t he region of point Cy, gaindcadbe t he
calculated with formula (4)

) (b)

Figure 3.4. (a) A pair of distributed load applies over an arc of thekoppositely and
diametrically on thalisk (b) A Braziliandisksubject to line load P42]
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2P (D/2) — y)x? ((D/2) + y)x? 1

Ox =71 2 w22 2. 22 D
(((D/2) —yy +x2)°  (((D/2) +y)" + x2)

2P ((D/2) —y)? (D/2)+y) 1

Oy =1 7, 22 2. .22 D (4)

Tl | ((D/2) —y)? +x22  (D/2) +y)? + x2)

2P (D/2) - yPx D/2)+y*x 1

YUal py2) —yR + %22 ((D/2)+yPR +x2)2 D

whereP (N/m) is the line load appliedVith the assumption of y=0 in above formula,

Qy is 0, the stress concentration is along the diameter Bigrefore the tensile stress

Uy is half of the compressive streSgat thecenterof Brazilian disk [42]. Due to the
stressstrain curve sometimes shows of Hon near i ty i n t bdelusttest ,
can be obtained by

Es=- 0/ t, 5)
E:= E{(1 -arctan—)(1-3) —}= AZE; (6)
A=( -arctan—)(1-3) ——. (7

where Ei s t he Youngé6és modgdlsusdedfi ntelde asp esil r
modulus that is obtained from the stratness curve in the Brazilian disk temtdA is
a correction coefficier42].

3.1.2. Three-point bending test and the configuration of the specimen

For thenon-ductile monolithic ceramic material, the common direct tensile test is hard
and costly to be conducted [43]. The process of holding speaarebreak the spec

men The stiffness can also le&ol someerrorson bending stresses. Moreover, spec
men preparation poess needs to minimize machining damage and stress concentration
[43]. Flexuralstrength (crosfreaking strength) is the maximum stress developed when
a simple beanfbarshape)s under a bending force. Thrpeint bending 3PB)testand
four-point bendiig (4PB)test can be used in this case. However, 4PB test isnugex
oftenfor the material which does not fail ihe 3PBtest[44]. By the loaddeflection,in
addition tothe flexural strength flexural strain, flexural stresst r ai n r esponse
modulus E (modulus of elasticity in bend)nand yield point of materialsan be b-
tained. Alsathe stiffness of theestedmaterialcan be indicatedhen it is flexed

3PB testis mainly used for homogeneous materi&lscause 3PB test is a widespread
flexural strength test method, extensive researateasonducted on different materials,
especially on composite materials, using this test method. Still, there are not ntany stu
ies about the 3PB tesh brittle materials likeAl,O3; Macor and BC. Luca Cdini et al.,
conducted Ringn-Ring (RoR) biaxial bending tests angbdint bending (4PB) tests on
glassceramic, for the comparison of the statistical characterization of bending strength,
and evaluating the influence of the static fatighigl.[ The autlors showthe similar test
results of both RoOR and 4PB tests in their research. In this paper, both Brazilian disk
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test and 3PB test are chosen to identify the homogeneity of specimen materiads by an
lyzing and comparing the similarity of the test resutisprder to select the appropriate
material that can be used for CLIC girder.

3PBtest is performed omauniversal testing machine with a thr@eint bend fixture. In
this test, a rectangular shaped specimen is placed on two mounted supporting cylinders
which are parallel with each other on the test machine. The loading force is applied
the geometrycenterof the specimenby a loading cylinder. The loading cylinder is
mounted but allowing its free rotation to the axis way as parallel as the cylinsl@nalx
the specimen axisThe minimum thicknessf the specimerior 3PB test is 0.25 mm.
Basal on this, the total length and width of the specimen cahumredstimes the
thickness in different of ranges [46]n this thesis, th@PBtest is applied with thesa
sumption of homogeneowsructurefor B4C, Al,O3; and Macor. In order to further an
lyze, the actual test results and the relevant simulation resalsonitored. The geu-
etry of the3PBtest is shown in Figure 3.2.

l Loading F

Span Iéngth L
Figure 3.2 The geometry of tr&PBtest(F: load; L: span length)

According toASTM C 293, the span length of the specimen is three tiheethickness
andthe width. The load is applieth the middle of the span length, ahdththe sy-
porting cylinders should be at least 25 mm frtmair closestends §7]. Thus, in this
study, the configuratiomnd the sizeof the rectangle éam (120 mm length, 30 mm
width and 30 mm heighfor 3PBtest ae defined andhown in Figure 3.4
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*& |

-
e

Figure 3.4. Configurétion ofa specimen foBPBtest
(L: 220 mm, W: 30 mm, H: 30 mm)

In the 3PBtest,the maximum flexural stress ( MPa) can be obtaine
& = M (8)

where M is the torque applied in the middle of the specimen, y is the distance from the
centerof the specimen to its convex surfa@em), | is the moment of inertia (mf
Because

M=PL/2, (9)
y=H/2, (10)
| = WH¥12 , (11)

Substituting formula (9), (10) and (11) into Eq8J, the flexural stres8 can ube <c a
lated by

8 = 3BL (12)

where W is the width of the speciménm), H is the height of the specimémm), and
L is the length of the specimémm). Wi t h t he equati ousforBEB) , Yoc
testcan be obtained.

In the experimenthe homogenoustructureof the materials assumedThe mechanical
tess for both Brazilian disk test an8PB testare presentedmeasuredcompared and
analyzed irchapter five

3.2. Procurement and Quality control

3.2.1. Procurement

When the candidate materials defined, corresponding mechanical testsscheduled.
Supplier firmsareinvestigated to produce the needed matepakimes. Initially, se/-
eral suppliersare picked for each material type. After rkat consultation, production
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possibilities investigation and the price surveys, ordeeplacedpromptly. Fivespee-
imers of eachtested materiafrom different firms are ready for tests. Thepeimen
guantities are listed in Table 3.1.

Table 3.1. Quantities of specimens

. Quantity of specimens Quantity of specimens
Materials for Brazilian disk test for 3PBtest
B.C 5 disks 5 bars
Al,O3 5 disks 5 bars
Macor 5 disks 5 bars

3.2.2. Inspections and Measurements

Before conducting the dimensional acceptance chevulgual inspectioris performed
For the 15 disks andhe 15 bars,no cracks were visible on the surfattowever, the
edges of the disks are not chamfereslp fewminor dents are dispersed the disk edge

Dimensionsof eachspecimerare measured witMitutoyo callipers (range 150 mm),
with acairacy of two decimal placeBecauseahereareno pre-defined tolerancefor the
dimensions ofthe specimenthe basic dimension of the geomedtiproduct has to
comply with ISO-27681 [48]. fi @neral tolerance from standard machining tolerance
[49] a nirtear dimensions of ceramimetal seals [50] are also referred.As de-
scribed, he tolerance for the length exckgthe chamfere& r e a s coarSefclass i
allowedby ceramic manufacturing technolqgy refered. In this thesisthe tolerance

of £0.2 mm for dimensionef 12.7 mm to 76.2 mns used Likewise,toleranceof +0.3
mm for dimensionsf 76.2 mmto 152.4 mmis applied.

Before anymeasurement, £, Macor andAl,O3; arenamed as B, M and A respectively.
Five measurement®r eachspecimenare taken in a wayo averagethe dimensional
measurementsnd the verifiednean valuadimersions of the specimes are shown in
Tables 3.2 and 3.

Table 32. Measurement resbf speimers for Brazilian disk tesimeanvalue)

B1 B2 B3 B4 B5
D(mm) | 100.13 | 100.4 | 10010 | 10010 | 100.05
H (mm) 29.96 30.55 29.96 29.96 30.14

M1 M2 M3 M4 M5
D(mm) | 100.16 | 100.% | 100.11 | 100.13 | 100.14
H (mm) 3020 30.19 3020 30.18 30.19

Al A2 A3 A4 A5
D(mm) | 100.5 99.81 99.91 | 100.® 99.96
H (mm) 30.15 29.99 30.00 30.06 30.68
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Table 33. Measurement resdbf specimesfor 3PBtest(meanvalue)

Bl B2 B3 B4 BS
L (mm) 120.( 120.8 120.03 120.(8 120.03
W (mm) 30.16 30.17 30.01 30.16 30.0
H (mm) 30.11 30.09 30.12 3090 30.09
M1 M2 M3 M4 M5

L (mm) 120.14 12020 120.18 120.15 120.18
W (mm) 30.17 30.18 30.18 30.15 30.15
H (mm) 30.16 30.17 30.17 30.17 30.17

Al A2 A3 A4 A5
L (mm) 120.0 120.0¢ 120.a 120.07 120.06
W (mm) 30.02 30.02 30.@2 30.00 29.%
H (mm) 30.38 30.03 30.00 30.a0 30.02

As the general toleransareselectedthe results from above tables areialtherange
of the correspondintplerancs. Therefore, alspecimes can beaestedunder mechan
cal destructive exgriments (Braziliardisk testand3PBtes).
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4. S| MULATI ON ANNDI QMEIESAI NG

Simulations of the mechanical testreperformedbefore the experimesitThe simu-

tion results helgo understand the testing ofnics on the subjedhlso thecompai-

sors between thesimuldion resultsand themechanical testing resultge studied in
orderto seewhether they aren good accordvith eachotheror not This chapteintro-

duces the ANSYS simulatismof themechanical testdn addition, the relate8razilian

disk testand3PB test are presented. In the thesis, mechanical tests (Brazilian disk test
and3PBtest) akeplace at the National Technical University of Ath¢Gseece) in the
framework of the CLIGNTUA collaboration of CERN. Furthermore, the comparison
between the theoretical part of the tests and practical explanation can be linked together.
The processing of the testing data and the corresponding resulisaetygesented in

the forthcoming chapter five.

4.1. Description of ANSYS simulation software

ANSYS software is an engineering simulatjgeckageknown asComputerAided En-
gineering (CAE) andit has been available sind®70[51]. So far, ANSYS is widely

used in automotive, aerospace, energy, materials and chemical processing, academia,
civil engineering, electronics consumer products and other industries by designers, e
gineers, analysts, managers, executives and othersn excellent platform foaralyz-

ing broad effects, conneang the results and input together to study structural mechanics,
multi-physics, fluid dynarnes etc. It integrates all requirements in one platf¢sij. In

the thesis, ANSYS simulatias involvedfor simulatingthe mechanicatestresultsand
compamg with theresults ofpracticalmechanical testwhich areconductedater. With

the simulation resudf the possible failures could be found before the real test begin

4.2. Material Experiments

To determine thenechanical properties of a solid or qussiid material (such as metal,
ceramic, polymeric material), a standard test method is the first choice. Mechartical tes
ing shows the elastic and ineladbiehaviorof thetestedmaterial under various tempe
ature,tension, compression and laagl conditions[52]. It indicates information about
whether a material is suitable for its intended mechanical application by meastxing di
ferent properties. The measured properties are tensile strength, elasticity, elpngation
hardness, impact resistance, stress rupture, fatigue limit and fracture toughness. In add
tion to the aboveproperties compressive strength, ductility, flexural modulus, shear
modulusandshear strengthre also measurdg82]. Meanwhile,as mentioneih chapter
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threemec hani cal propertiaad ol isls ® rcdhalsanbgld $ o mo «
tained By this way, mechanical experimentation can help companies designcisod
perform as epected53].

For the experiments, a series of mechanical testigitnods can be chosen, such a& Br
zilian disk test3PBtest,4PBtest, uniaxial compression test, coaxial double ringlben
ing test Producs made of theltree proposed candidateterialsare not yetscertained
to have homogenoustructure Therefore the Brazilian disk tesis selected to confirm
the structure composition of each material. AfterwaBRB test is conducted in this
study.

4.3. Simulation and Brazilian disk test

4.3.1. Simulation of Brazilian disk test

The simulation of Braziliawlisk test stard with the creation of a 3D geometry acdor

ing the defined configuration (100 mm diameter and 30 mm thickness). Two symme
rical test surfacewerecreated on the surface where thecéoand the suppowould be
applied on The dimension of both contastirfaces (one for loading, and the other for
thefixed support)s 10 mm x 30 mm, as Figure 4.1 shows.

o X
0.000 0.060 (m) s
L e——

0.030

Figure 4.1.Geometry otheBrazilian disk tessimulation

After choosing the corresponding material, the coordinate sysssnbuilt. The geom-
try was meshed, and boundary conditiomsre inputted. The simulation parameters of
B4C, Macor and AlO; of Brazilian disk tesare listed in Table 4.1.
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Table 4.1.Simulation parameters of mechanical tests

Materials

B.C

Macor

Al,O4

Environment Temperature (°C)

22

22

22

Unit System Metric (mm, kg, N, s, mV, mA) Degrees rad/s Cels
Density kg mm»-3 2.48e006 2.52e006 3.81e006
Coefficient of Thermal Expansion 5.6e006 C*1 | 9.3e-006 CM-1 7.6e006 C*1
Reference Temperature (°Cof CTE 1000 300 227
Young's Modulus (MPa) 4.6e+005 6.69e+04@ 3.7 e+005
Poisson's Ratio 0.17 0.29 0.22

Bulk Modulus (MPa) 2.32+005 5.31e+004 2.20e+005
Shear Modulus (MPa) 1.97e+005 2.5%+004 1.52 e+005

Basal ontheboundary conditionpreviouslyset the simulationgreconductedat room
temperature300 kNand 30 kN loadsreappliedrespectivelyon thespecimensf B,C,
Macor and AJOs. By applying two different loadingonditions on gecimers, the total
deformatiors of B,C, Macor and AIO; are shown in Figures 4.2, 4&hd 4.4. The
equivalentstrainsand the equivalent stressesB,C, Macor and AlO; are listed a-

cordingly in Table 4.2.

0.000 0.070 (m)
0.035

B
8.6481e-7
0 Min

5

Figure 4.2 Totaldeformation of BC (Load: left300kN, right-30 kN)

0.000
0.035

5

Figure 4.3 Total deformation of MacdiLoad

: left300kN, right:30 kN)
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) 0.76816-6 Max
6.6627e-6
7.5974e-6
6.512e-6
5.4267e-6
4341486
3.256e-6
2.1707e-6

, 0.7681e-5
8.68276-5
7.5974e-5
6.512e-5
5.4267e-5
434145
3.256e-5
21707e-5

1.0853e-5
0 Min

1.0853e-6
0 Min

0.000 0.070 ) }{‘ X 0.000 0.070 (m) F, X
[ ] )

0.035 0.035

Figure 4.4. Total deformation ofl, O3 (Load: left300kN, right-30 kN)

Figures4.2-4.4 illustratethe deformation status tifie tested materials Brazilian disk
tess underthe correspondingtaticloading conditionsThe maximum deformationce
curs on thetop contactingsurface of thespecimenand therthedeformation is extended
towards the bottom of the diskhile thesymmetricbottomcontactingarea is fixed and
has no deformatiorbefore material faillt also reveals that the stress concentration i
plodes on the top surface of tepecimerwhen the loads applied. Together with the
actual mechanical test results, which are introduced Ktersimulation andhe me-
chanical test results correspondhe study of W.C.Zhu at alhich isabout thdailure
process of a heterogeneous rock dislBrazilian disk testunder static and dynamic
loading conditions34]. The authorstudied the rock fracture procdsg usinga Rock
Failure Process Analysis (RFPAn illustration of the theoretical and numerical results
of the stresses distribution acrodee loaded diameter dhe specimen undeheloading
is shown in Figure 4.9 he initiation of fractures antthe propagation processcanalso
demonstrateéhe disk failure mechanisdor further understanohg the microstructural
behaviorof the testd materid at different loading conditionsThe disk failure mech
nism under the loading @esented in Figures 4.6 aAd [54].

Theoretical (Hondros)

— o,

Numerical
X o, o0 o,

1

20 30

ameter for disk specimen under indirect {égf .
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As it is shown in Figure 4.5an elasticrock specimen is undea static loadingat the
beginning Thetensilestress distribution locates at the central area and along the vert
cal dianeter of thespecimenThe numerical results are in accord withe theoretical
results.However,the numerical resultsindulate around the theoretical cunaecause

of the heterogeneityof the material. If the elastic rock specimen is under a dynamic
loading, spalling occurs when an incident compresstress waveeaches to twice of
the tensile strength of the materi&urthermore a fraction of the tensile wavpasses
through the failure point and continually goes through the specivhen the material
fails. At some point, it also initials other spa]tt].

rock specimerundera dynamiccompressive stresgave in elastic stress fie[&®4]

From figure 46, the crackingpatternsof rock disks under a static and a dynamig-inc

dent compresses are differednder the static loading, the failure is around the vertical
diameter of the diskalso a damage zone is expended in a region that is near the vertical
diameter. It can also be seen that a primary crack pattern along the vertical diameter of
the disk is formed of many damaged elements by joining together in the elaoragjt

is becausehe first element is damaged around the vertical diameter of theudidé&r
tension andthe increagd externalloading propagate the tensile damage ofanyele-
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ments[54]. Besides, the subordinate cracks around the diagonal lines are growing too.
Comparng with the results of homogeneous material, the heterogeneity of the test mat
rial leads a norstraight line of the primary crackk4]. Under the dynamic loadingijf-

ferent stress waves arevolved; accordingly,various cracking patterns tierock disk

are noticed.The stress distribution appears in a similar way than it is under the static
loading, at the beginning. As thdynamicloading continues, the compressive stress
wave increasebecause of the stress wave reflection, and more craekisiated
around the bottom side of the disk. Hereafter, the cracks generate and grow upward
along the vertical diameter of the disk. Additionally, a lot of cracks are initiated and
scattered radially around the bottom half of the ditdnce the failue pattern and fhi

ure mechanism of the disk hastongrelevanceo the propagation of the stress wave.
Therefore, the disk specimen is more fractuhed underthe static loadind54].

The stress distribution in the homogeneous material seems to santleeas in a siat

cally loaded specimemitially. In order to understand the stress wave propagation in
heterogeneous rock disknder the dynamic loadinghe stress wave propagation in the
homogeneous rock disk demonstrated with photelastic fringesof maximum shear
stress at different times in the study of W.C.Zhu ebd).[As shown in Figure 4.7, the
authos indicate the elastic stress wawhose reflection initiates the failure pattecan

be periodically distributed in the rock disk. For each cycle, the stress wave goes through
the rock disk from thep endof the crackand partially reflects back into the rock disk,

and partially transmitted into the fixed steel platee hangng waves are periodically

but the stress distribution isrégular, becausthe location of the mamium stresssis

shifted in the disk. In the process, the stress wave propagates downwards and arrives at
the bottom of the rock disk one cycld54].

Table4.2.Simulationresuls of Brazilian disk test

300 kN of Loading 30 kN of Loading
. Max Equivalent | Equivalent Max Equivalent | Equivalent
Material ) . . .
Deformation Stress Strain Deformation Stress Strain
(mm) (MPa) (mm/mm) (mm) (MPa) (mm/mm)
B.C 0.078 1353.6 0.03 0.0078 135.36 0.00(B3

Al,O4 0.098 1338.7 0.0041 0.0098 133.87 0.00041
Macor 0.55 1319.6 0.022 0.055 131.96 0.0022

Figures 4.24.4 show that the maximum total deformatsoof B,C, Al,O; and Macor
are 0.078 mm0.098 mmand 0.55 mm under 300 kN loagl and 0.0078 mm 0.0098
mm and0.055mm under 30 kNoadscorrespondingly. Table 4 2ummaries the sim
lation results of three candidateaterials. It can be seen that tlacor has thebiggest
maximum deformation anthe biggest equivalent strain among three tested materials
under the same load8.55 mm and 0.022 mm/mm under 300 kN, and 0.055 mm and
0.0022mm/mmunder 30 kN respectivelyyvhile B,C has thesmallestvalues.In add-
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tion, Macor has the smallest equivalent stres4.@@ MPa under 30 kN) amortlgree
materials, while BC has the biggest one (135.36 MPa under 30 KNg& simulation
results present that tidacor is more brittle thanB,C andAl,O3;, andcan enureless
loadthanthe two othersFurthermorewith the same geunetry and under the same lgad
equivalent stresses of three tested materials are difféfenhg®s modulus is defined
by the stress$i and the strairt] as expressed in tfermulat = E * U Thus, materials
with different Youngs modulushavedifferent stresseunder the same loading cand
tion. Moreover, the dermation per unit lengtlis not thesame;eventhoughthe pre-
sureper unit area othe material is the same.

4.3.2. Brazilian disk test and analysis

It is unsure thathe three candidatmaterials (BC, Al,O; and Macor) are homogenous
materials. Thereforghe Brazilian disk test is the first mechanical test to be conducted
so as to verify ithe assumptiorof homogenous materi& valid. According to the sn-
ulation results,Macor has been proven as the weakm®stterialamongthree candidate
materials.

In the experimena INSTRON 30TON machine is used for both Brazilian disk test and
3PBtest The static load of this machine is 100 kAs the Brazilian disk test is the
mostpopular substitute method for acquiring the direct tensile strength of brittlei-mater
als, a standardized test method, proposed by the 13R84JectedOne of the typical
Brazilian tenge test loading configurations with curved loading jassshown in kg-

ure 4.8 [36].In the study of Diyuan Li et al.hé configuration with curved loading jaws
is more stable foBrazilian disk testhan the different types of flat loading platens. It is
also easyto align the geometric ceatt of the specimemwith the centerof the curved
loading jaws so that the compressed logoes through both cess along the vertical
direction can be verifiefB6]. Although,based ora preliminary studya possiblecurve
to-plane contact problerof Brazilian curved loading configiationis discussed and
need to be further studieth the paperof S.K.Kourkoulis et al.even there is onlya
very smalldifference betweethe parabolic andhecircular distribtions[55]. However,

no perfect smootlurfaceexists A veryrecent studyvhich is alsdrom S.K.Kourkoulis

et al. shows thatthe curveto-plane contact problemmentioned previodg could be
provedto beusefulfor the case of neperfectly smooth surfacgs6].
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Loading platen Loading platen Loading platen Curved loading jaw
V777777772 V7777772
steel rod ———cushion

(a) (b) (c)
Figure 4.8. Typical loading configurations for Brazilian dis&st:

(a) Flat loading platens, (blrlat loading platens with two smadliameter steel rods,
(c) Flat loading platens with cushion, (@urved loading jaw$36].

(d)

Before starting the test, the geometmterof eachspecimeris measured and retrieved.
Thecenteris used for the definition of the positiofithe HBM triple strain gauge$he

strain gauge is used for acquiring the experimental data (strains, stresses and defo
mations) fromeachspecimerthat is under testin@s a data acquisition sensor.riple
straingauge rosette and an electro stg@ugeare positioring on eachspecimerwith

+l mmofaccuracyT he met hod of me as inBraziian didkiestia g 6 s
proposed in the study of Ye Jiang et al., as shown in Figure 4.9. To measure the tensile
deformation of the center of the disk, a strain gauge is stutle aenter O on the side

face of the diskalong the directiorthat is perpendicular to the loadingdirection. A

force sensor is used to record the applied load. With the-stirags acquisition system,

the stress and strain data are acquidi [ Then, the Young6s mo
by using the computer processing system.

Ay

Ui

Foree|sensor | stress | Stress-strain
acquisition
»
R e
\ strain
A 4
Computer
processing
Strain gauge system
B
A L L
0 v

Tensile elastic
modulus of rock

F

YNNI
RRRIRRARERNNI

Figure 49. The metod of measuring tensile elastic modutd8razilian disk [42)]
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Table 43 HBM gauge categories

HBM Categories Indicative CTE

Category 1 ferritic steel 11-10 (10°%in./in.*/°C)
Category 3 aluminum 25- 21 (10°in./in.*/°C)
Category 5 austenitic steel 18- 16 (10°%in./in.*/°C)
Category 6 quartz 0.59 (10°°C)
Category 7 titanium / gray cast iron | 13- 09 (10°in./in.*/°C)
Category 8 plastic material /

Category 9 molybdenum 06- 05 (10°in./in.*/°C)

To conduct the test precisely, appropristi@in gauge material is essential, and it has to
be determined based on the property of the tested material. The similar Coefficient of
Thermal Expansion (CTE) of material can help to select the proper HBM gaugé mater
al. The HBM gauge categories and thdicative CTE are listed in Table 4.87. Ac-
cording to the CTE of each tested materialCBnd AbO; can be categorized based on
category 9 molybdenum, while Macor is under the category fitanium / gray cast

iron. Thus, the proper category of HBM strain gauge for each material under #te wor
ing temperature is categorized, and the appropriate gjeaige used in the teist de-

fined before lhe tesstart.

Each HBM triple strain gauge has to be connected with an electronic bridge by welding
with a solder wire. Three strain sensors from equivalent different direggensor €
horizontal, sensor-gettical and sensor-85°) are containedvithin each HBM triple
strain gaugeas Figure 4.7 show€orrespondingly, three channels from the electronic
bridgeareconnected with sensoes b andc, in order to obtain the vertical strain, kor
zontal strain andhe strain from 45°. The corresponding gauge factors are 2.01+1.0%
for sensora, 2.05+£1.0% for both senstwand sensoc. The connection betwedhe
electronic bridgeandthe HBM triple strain gaugeand the orientation of sensaasb

andc are shown in Figure 20. The strain gauge has to be gluedios gemnetric cen-

ter of eachspecimenand polymerized for atast 24 hours before the tasarts. The
data sheet of HBM strain gauge is attached in Appendix 3.
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Figure 4.10. The connection and orientation thie sensorof the HBM triple gauge

Five Macorspecimenarenamed accordingly as M1, M2, M3, M4 and M5. Five@y
and five BC specimenarenamed in the same way (as Al, A2, A3, A4, A5, B1, B2,
B3, B4 and B5 correspondingly). &h thespecimerwith the glued gaugés placed ora
curved loading jaw. To ensure the testing result is succeisdubrientation of the se
sora s parallel withthe vertical diameter of the disk and thenterof the curved lod-

ing jaw. Bothcentersof thedisk andthecurved loading javihave to be on the same line.
Meanwhile, the sensaris positioned in parallel to the test platform (which means pe
pendicular to the vertical diameter of the disk #mksensor), as shown in Figure #1

(c). The drawing lines on tlepecimerarehelpng to positionthe tested specimen to the
curved loading jawThe stages of thepecimenpreparation are presentedrigure 411.

. (@) ) ©)

Figure 4.11 Specimerpreparations (a) Calculation of thegeometry center of each
specimen (b) Specimen witthe gluedstrain gauge (c) Final positionof the specimen
on the testing bed

To simulate a static loathe loading speeid defined at 0.02 mm/min with the help of a
computer. The testing machine, the electronic bridge (for data acquisition) and-the tes
ing PCareconnected with each other, as Figurg2ahows.Low speed can redudke
instant impact ofupture to thespecimens
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Figure 4.12 Brazilian disk tesequipment(a) Brazilian disk test machine with curved
loading jaws, (b)Brazilian disk test machine, electronic bridge and testing PC

When the loads approximately110 kN for M1, the tesd specimens ruptured. For
M2, M3, M4 and M5, the maximum loa@se measured to be 138 kN, 136 kN, 138 kN
and 133 kN respectively. Thermesponding pictures are shown in Figures34and
4.14.

i
: (

(M1 frgnEside £ (o] VEREISide (c)MMmdel d)M2ba§k3|d

(M3 front side B (HM

(|)M5fron : ‘

Figure 4.13 Te fallure statusof f|ve Macorspemmens
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Figure 4.14 Five fracturedMacor specimens

Figures 413 and 4.8 demonstrate the cracks of five 8ppecimens. e crack patterns
correspond to the numerical simulation result, the fracture process and the disk failure
mechanism whichverepresented previously. It is obvious that the fracture ciaokt

a straight line along the vertical diameter of th&k, andthe damageregion has been
proved to be near the vertical diameter of the disk. Due to thes stomcentration and

the propagation of the damaged elemethe damageare initiated from the center of

the disk, then extend outwards of the vertical dimd@esidesthere are many micro
cracksdispersedn each specimepecause of thaeterogeneityf the Youngs modi-

lus, as mentioned befordll of the aboveéhaveexplaired thatthe Macor isa hetero@-
neousandmassively poroumaterial

Followed by AbO; (Al), the failuredoes nottake place until the static load reashe
around 160 kN, whiclhs over the static loadg capability of the maching100 kN as
mentionedbefore) Therefore, lhe Brazilian disk test for Al,O; and alsofor B4C are

then stoppedin order to continue the tests time future, amachinewith a large load
capabilityis needed for such a testing phase. However, the testing feasibility and the
tight scheduldimit the processed Brazilian disk test., 8othe current study, onlBra-

zilian disk tesbn Macoris performed.

In spite of thatpreviouslyacquireddatafor Epumentspecimen®f two different sizes

in the Brazilian disk testare available (D=190 mm, H=61 mm and d= 18vn, h=30
mm). The measurement resultslafge Epument disks and small Epument disks are
listed in Table 4.4. From the measurement resultspatlisers areaccepted foBrazil-

ian disk test



Table4.4. Measurement residbf Epumenspecimensvith two different sizes

in Brazilian disk tesfmeanvalue)(B: large; S: small)

BR-B-1 BR-B-2 BR-B-3 BR-B-4 BR-B-5
D (mm) 189.68 189.77 190.02 189.68 189.73
H (mm) 61.34 61.79 62.40 61.62 61.79
BR-S1 BR-S-2 BR-S3 BR-S4 BR-S5
D (mm) 104.79 104.86 104.78 104.74 104.78
H (mm) 30.99 31.02 30.20 30.90 31.16

Figure 4.5 presentghe fracture patterns of all testspecimen®f two different sizes.

All the fracture patterns on the specimens showllkecracks along theertical dian-

eter of each disk. Those lutike cracks around the disk center comply with the crack
pattern of homogeneous material which was described in previous chapter. Although,
there are some micicracks are around the primary crack line. Therefepgiment can

be seen as homogeneous like material. Moredwacor is compared with Epument in

this thesis. The detaitlanalysiss presented ichapter five

4.4. Simulation and Three-point bending test

4.4.1. Simulation of three-point bending

The simulation of 3PBtest, similar to thérazilian disk teststaredwith creation of a

3D geometry according to the defined configuration: 100 mm length, 30 mm height and
30 mm width. Three testl surfacesverecreated on the top and the bottom sides where
the force andhe supports would be applied on. The dimensiotihi@fecontacing sur-
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faces (one for loading, and the other two for fixed supp@®®) mm x 30 mm, abig-
ure 4.16shows.

\x'/'z

0.000 0.060 (m)
0.030

Figure 4.16. Geometryof the 3PB tessimulation

In the same way as the simulationtio¢ Brazilian disk testthe coordinate systemas
built after choosing the corresponding testing matefibk meshingvas generated on
the geometry with thénput boundary conditions. The simulation parameters %,B
Macor and AJO; of 3PBtestarethe same abstedin Table 4.1. Likewise, th8PB ex-
perimentsareconductedatroom temperature, 300 kidads and 30 kNloadsareapplied
on thespecimes correspondigly. The total deformations of 8, Macor and AIO; in
the 3PBsimulationtestare shown in Figures %7, 418 and 4109.

s N
z e
0.000 0.060 (m) 0.000 0.060 (m)

| =S| | =)

0.030 0.030

Figure 4.17. Total deformation of B (Load: left300 kN, right30 kN)
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Figure 4.18. Total deformation of Macor (Load: 1e800 kN, right30 kN)
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—— ——
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Figure 4.19. Total deformation oAl,O3 (Load: left300 kN, right30 kN

Foreseeinghe realistic crackpath and the load carrying capacity of a homaogsus
material is easily to be achieved in design. For heterogeneous like material, the realistic
crack path and the cracking mechanism are complicated to predict. Many stuedies
conducted on heterogeneous asphalt mixture beam thtbe8RB test for studyig the
cracking mechanisms and the fracture characteristics ofeftedmaterials. Guowei
Zeng et al., appliedumerical simulatiomanddescribé the trends of the central crack
and offcenter cracks imn asphalt mixture beam, and alegplainedthe reaon of the
fracture[58]. Anyi Yin et al., also conducted simulation and explained deeply about the
relations between the coarse distributions and the crack path tEShdsipreover the
distributionof microcracls beforethe crackpropagationthe crack propagation process

and the crack path with different offset distances were explained clearly by thesauthor
[60]. The above mentioned methodologies can be useful for current st&d@,al,0;

and Macor.

Figures 4.174.19illustratethatthe maximum deformatiostars from the midspan area,

the tip of the crack, where the stress concentration is located. At this point, the stress
and the strain are the highestiter that, the fractureis propagatd along the initial
crackin the vertical direction of the beanThus, damage accumulation is the maire
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son to form the final fracture directly. The crack propagation of the specimen should be
stable andhe propagation path should steaight undea constant loading.

The maxmum totaldeformatiors of B4C, Macor and Al,0O3 are 0.@3 mm, 0.298 mm
and 0054 mm under 30kN loads, and 0.0@mm, 0.0298 mmand 00054 mm under
30 kN loadsrespectively as shown in figures 4.14.19 The equivalent stragand the
equivalent stregsof B,C, Macor and AJO; aresummarizedccordingly in Table 4.5.

Table 45. Simulation results c3PB test

300 kN Loading 30 kN Loading
. Max Equivalent| Equivalent Max Equivalent| Equivalent
Material ) . . .
Deformation Stress Strain Deformation Stress Strain
(mm) (MPa) (mm/mm) (mm) (MPa) (mm/mm)
B.C 0.043 1956.6 0.0047 0.0043 195.66 0.00047
Al,O; 0.054 1962.1 0.0058 0.0054 196.21 0.00058
Macor 0.298 1976.7 0.032 0.0298 197.67 0.0032

As shown in the above tablglacor has thdargestmaximum deformation antte big-
gestequivalentstrain amongthreeselected mateails under the same loa298 mm

and 0.2 mm/mm under 300 kN, and 0.0298 mm and 8DMm/mmunder 30 kN
respectively, while B,C has thesmalkstvalues.Furthermore, Macor has the highest
equivalent stress of 197.67 MPa, d4C has the lowesequivalentstressof 195.66

MPa amonghreematerialsunder 30 kN Therefore the 3PB simulation seiltspresent

that Macor can endure more stress than the othernbhaterials, which is conflicting

with the result from the Brazilian disk test. However, the maximum deformation and the
biggest equivalent strain show Macor has the worst bearing capacity in the 3PB test,
compared with BC andAl,Os. This result compies with the result fronthe Brazilian

disk test.In the Brazilian disk testMacor has been proven to be the weakest material,
and it seemgo be nornthomogeneous. Thus, conducting the 3PB testaamon
homogeneous material likdacor mightlead toa different result.

4.4.2. Three-point bending test and analysis

Like the Brazilian disk testthe 3PB tess are conducted on the same machine, bhe |
STRON 30 TON. The test machine wadhcapabilityof 100 kN static loaslis widely

used forthe 3PB test A typical configuration of mosspecimes is arectanglar bar

The loading configuration is a cylinder bar. Figure04resents the test devices. the

Figure shows, two cylinder bars are fixed parallel to each other on the test platform,
with a fixed disance of 60 mm. A displacing cylinder bampisaced above the middle of

the testedspecimen, and a softb metal sheets used as a gasket between the sliding
cylinder and the specimen, to compensate the surface anomalies that may exist between
the interfaces. The sliding cylinder and the Pgkgaare presented in Figure 4.21
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Figure 4.20. 3PBtest equipmentga) 3PBtest machine with two fixed cylinder lsar
(b) 3PBtest machine, electronic bridge and testing PC
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Figure 421. Slidingcylinder andPb gasket:
(a) Slidingcylinder withPb gasket(b) Pb gasket

Similar to thespecimerpreparation of the Brazilian disk test, to start 3B test alll

the specimens need to be named one by one. Triple strain gaugescentéref the
surface of each specimen have to be positiametglued The sensoc detects the hor
zontal strain and is parallel with the length of the rectangular bar. Szsbects the
vertical strain, and is parallel to the axis of the displacing and fixed cylinders. &he pr
pared pecimers with glued straingauge for materialA, M and B are named andear
sented in Figure 22. The connected specimen and machine are showigume 423.

The surface glued with the strain sendwas to be faced down the 3PB testPressure
appled by the displacing cylindédras to be avoided.

Figure 4.22. Prepared specimens: (a) M5, (b) AZAS5, (c) B1B5
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Figure 4.23. Connected specimen witte testing machine: (apreparedspecimerwith
theglued gauge(b) 3PB testmachine withlthe positionedspecimen

During the3PB test the static load reaes24 kN for the M1specimento break For
M2, M3, M4 and M5, theesuls of themaximum loads to be 20 kN, 20 kN, 14 kN and

16 kN. Pictures are shown in Figureg44.425 and 426.

Figure 4.24 The failure status oﬂfe Mspecimes (a) M1-3PB; (b) M2-3PB; (c) M3
3PB; (d) M4-3PB; (e) M53PB
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Figure 425 Ruptured crossectiors of five M specimes
(a) M1-3PB, (b) M23PB, (c) M33PB, (d) M43PB, (e) M53PB

After a careful examinatiomo the failuremomentof the specimemnd the crossection

of the rupture, théailure status of M43PB proved to balifferentfrom the other speec
mens. The reasdior the different failure effeds that thedisplacingcylinderwas sld-

ing from the centenf the specimeninterface towardshe |ldt side, and the Pb gasket
slid along the surface of the cylinder as w€lhce there is a space betwédkaPb gas-

ket andthe cylinder, the top cylindeslides asidevhile the static loaidg is ongoing.
Fromthe cross sectiosurface of the fracturd specimens in Figure 4.25, it is easy to
see that the fracture initiated from the rsjghn area, and extended through the beam to
the bottom side, which was held by two fixed cylinder bars. $hdacestatusof the
cross section of the fractuddeans is different. The region where the damage start
from is much rougher than the rest of the cross sestinface which can explain that
the fractureis propagatd along the vertical direction after the crack initiated from the
tip crack in beams.

Figure 4.26 Cracking pah of M specimensfter therupture
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It is also evidentin Figure 4.26that the initial crack startérom the midspanof the
beam then the cracks propagatedlongtheinside structuredownwards to the bottom

of the beam. As mentioned before, the crack prefers growing along the initial ¢rack d
rection. The crack path should be a stable and straight line. Howe&eept M3 and the
failed specimenMVi4, the crack pathof the rests show roughness and twists. It may be
because the micreoids, impurities or heterogeneigxistin Macor beam, whictob-
structthe cracks propagation. Then the crack propagatipasss the microvoids and

the propagation direction charsges well. Even though, the crack still returns back to its
initial path. Meanwhile, some discrete miarnacksareactivated and formed a fracture
zone near theertical center line of the beam. Thus, femall fractured pieceappear
during the test, but the beasnot completely broken into two pieces.

All three materials (Macor, AD; and B,C) aretested under the same condispand
the failure statusof specimerA andspecimerB are presented iRigures 427 and 429.
The cross sectiomof the ruptured Aspecimensnd Bspecimensare shown in Figures
4.28 and 430. The Figure 41 illustrates the overview ofthe crack pathof A sped-
mensand Bspecimensfter rupture.The ALO3; specimensare broken when the static
loads reach34 kN, 27 kN, 28 kN, 25 kN and 35 kN for Al, A2, A3, A4 and A5 respe
tively. Likewise, the maximum failure static loads fafBaremeasured to be 27 kN, 31
kN, 30 kN, 30 kN and 31 kN correspondingly.

Similar to Macor, from the cross section surfaces of specinteesnitiated damage
regioncan be observed from both Figures 4.28 and 4.30. Also the stress concentration
areacan be defined. That corresponds topheviouslymentioned theoretical result$
thesimulation demonstration.

\ . \ g PRI
Figure 427 Failure statusof five A specimens
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Figure 4.28. Cross sectiogof five rupturedA specimens

o, TR : s
Figure 4.29. Failure statusof five B specimens

Figure 4.30. Ruptured ooss sectiosof five B specimens
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As presented irFigure 4.31, the cracks of AD; and B,C specimensre propagéed
almost along the vertical center line of the beams, waiielifferent from the cracking
paths of Macor. Similar to the simulation analysis, the damage &tarighe crack tip
and the crack propagatiatevelopsalong the initiated direction. Even thosmack paths
are not verystraght; the crack lineseento be stable.

Figure 4.31. Crackpaths of therupturedspecimens(a) Aspecimesg (b) B specimea

After examining thdailure statusof all the tested materiala 3PB testMacor proved

to be the i wagarknecemparisonatheethdrsa(AO; and BC). The
mechanical test result édsoconformedio the simulation result.
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5 RESULTS AND DNSCUSSI

From theBrazilian disk tesaind the3PB test massive interesting dasae obtained via

the testing PC from the electronic bridge acquisition system. The mtna@oordeddi-

rectly from the electronic bridge acquisiti system, and the applied lpadeasured
extension, compressive strain, compressive stress, compressiadoacbrdedoy the

testing PC from the loading sensor. After the data processing, the comparison curves for
each material and the comparison taldesd r e w. The Yo (Enhapdtee mo d i
P oi s s o n dasealsoadculated. (This)chapter presents the experimental curves and
tables for comparison. Through the comparison and data analysis, the properties of the

materiakar e di scussed. Mor eov er ,from theeBrazilars u | t
disk test for the Macor is compared with the @dsesultof the Epument from the er
viousy e ar . I n addi ti on, theBraziia¥ disk teg forsthe Macdru | u s

iIs compared with the measured and calculated value acquiradBRB test As a co-
clusion, a proposal for the better structural material is provided.

5.1. Brazilian disk test result and discussion

In the Brazilian disk test0.02mm/min loading speets appliedto simulate the static
load Theload-displacement cungfor five Macorspecimensare shown in Figure 5.1.
It is evident that theisplacement increaswith the increamg of the pseudo static load
applied onspecimensThe total deformationsf M1, M2, M3, M4 and M5 are 1.36
mm, 1.73 mm, 1.32 mm, 1.45 mm ah@3 mmaccordingly. he maxinum loadsat the
rupture points of thepecimensare 110.2kN, 137.84kN, 135.99kN, 138.21kN and
133.02kN correspondinglyCompared with the maximum deformatsonf 0.55 mm
underthe 300 kN loads, and of 0.055 mm underthe 30 kN loads in the simulation the
before mentioned values appear relativé@lye real deformations between 1.23 mm to
1.73 mmappeamunder 110.2&N and upto 138.21kN. The valuesare bigger than si-
ulation resuls described irChapter fourBecausehe simulation results are based on the
assumption of homogeneous materidig actualheter@eneousstructureof the mater

al and lots of voidsn the materiatause theleviationof above results
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LoadDisplacement curve of Macor

in the Brazilian disk test —e—M1_BD_Load-

160
Displacement
140
120 =@—M2_BD_Load-
g 160 Displacement
2 80 M3_BD_Load-
§ 60 Displacement
40
=>=M4_BD_Load-
260 Displacement
05 560 0.5 1 % 15 2 —%-M5_BD_Load-
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Displacement (mm

Figure 5.1.The LoadDisplacement cunsof Macor (M) specimens
in the Brazilian disk test (BD)

In Figure 5.1, the loadisplacement curves of five Mbecimensappear to have a linear
like behavior, also those curves are similar with each other except the slightly individual
differences from each spewen. In general, the displacement increasewly when the
load is less than 20 kN. At thisage, the load is accumulatingieanwhile, the stress
concentration starts growing along the vertical diameter of themsprcThe first eé-
mentis damagedround the verticadiameterof the disk therefore, thdracture is init-
ated As the loading is ongoingnore elementsear the vertical diametare damaged
and the fracture is propagating ndfy with the increasing loadunder the increasl
stress cncentration, until the specimen break. At the moment, the maximum displac
ment, maximum load and mawum strainareobtained and recded bythe test equp-
ment.

From previously acquired available data of Epunwdifferent sizesn Brazilian disk
test the StrairStress curves of EpumeBtand Epumen8 are shown in Figures 5.2
and 5.3. From Figure 5.2, the maximum stresses of all EptiBhepecimensare le-
tween 0.96 MPa and 1.18 MPa. The maximum stresses of all Ep@speaicimens
from 1.25 MPa tdl.42 MPaare showrin Figure 5.3. Testing data of Epumeni. &re
suppressed due to itomes from the integrated rock reinforcemeareaand not the &
tual material.
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Strain-Stress curve oEpument- B
in the Brazilian disk test
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Figure 5.2. The StrairStress cun&of EpumemB specimens
in the Brazilian disk te{BR)

Strain-Stress curve oEpument- S
in the Brazilian disk test
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Figure 5.3. The StrainStress curn&of EpumenS specimens
in the Brazilian disk test (BR)

The strainstress curves in Figures 5.2 and 5.3 in@dagarly. Although itwas men-

tioned in previous chapter that the stfethe specimen has no influence to the test r
sultsof Brazilian disk testto verify if the size of the disk willeallya f f e c t
modulus of the materiah reality, Figures 5.2 and 5.3 are intergraded in Figurelbid.
obviousto see thathte curves of Epumeti2 and Epumen$ are overlappednd appear

t he

Y
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to belinear. The blue point in Figure 5./epresentshe test result afhe integratedrock
reinforcementn the specimen, which is not taken into account in the comparison.

Strain-Stress curve oEpument

o—Epument-S_Strain-
Stress curve

testresult ofan  —®—Epument-B_Strain-
VSRS B Stress curve

Stress (MPa)

——Linear (Epument-
B_Strain-Stress curve)

T T 1 10M(-6)

-5000 g 0000
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Figure 54. The StrairStress cun®&of Epumentspecimesn
in the Brazilian disk test (BR)

Due to the factthatstramit r ess curves are |l ineare the
sented by the slope of the line section, which can be obtained by the formola (2)
chapter three. Also as mentioned before, from the Figure 4.15, theadmpecimers

of Epumentpresented the similar homogenous behavior in the Brazilian disk test. Thus,
the tensile stress can be calculated from the equation (1) of chapter three,tandilie
strainsare obtained directly from the electronic bridge acquisition system. As a result,
the calculated &of the Epument large disks and the small disks are similar to ach ot

er, aroundL.8 GPg which proves that the size of the specimen is nabhffurencefactor

for Brazilian disk test

For Macor dsks, the crack traces shown in Figure 4.14 indicate Macor does not behave

as homogenous as assumed. In this case, the stress of M#weBmazilian disk test

has to be calculated as mentioned in the study of Ye Jianhong et al.,, for non
homogenous materiall§]. Therefore, the E should be calculated via formtg, (6)

and (7).The Poisso#@s ratios in formulas (6) and (7)is the actual Poiss@aratio ofthe
testedmaterial, which is the mostnportantfactor in the calculation. The reliability of

the tensileelasticmodulus Eis determined by the accuracy of theFromthe formula

(7), it is easy to see that the correction coefficient A is sensitive to Péssaiio. By
equation (3), t he thkedestemaateriaPsoould e definedbyienat i o
axial compression test, which is not available in this thesis. Thus, theg¥osn mo d u | u
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E of Macorin Brazilian disk test is calculated via formula (2), and compared with the
values obtained from the 3PB test.

Assuning that three candidate materials are performing homogeneousisodrugpica-

ly, in the same way as Epument,the ¥ ngés modul us of the Br:
obtained directly from the slope of the strainess curveThe strairstress curvesf

five Macor are shown in Figure 5.5.

Strain-Stress curve oMacor
in the Brazilian Disk Test
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Figure 55. The strainstress curveof Macor (M) specimens
in the Braziliandisk test (BD)

Figure 55 showsthe strairstress curveof five Macor pecimens With the exception
of the M2 specimenall data of the other specimens akerlapped on the same linear
line. It alsoindicates that the strain and stress are imsiagwith the increased loadt
the point beforehe material failed, the maximum strain and strassreachedBecause
thecurves arelinear, via formula (3,t he Y o u n g 6f M1, M3 M4aadndiM5 are
calculatedo be36.6 GPa 34.2 GPg 37.4 GPaand 3.6 GPacorrespondingly, while the
value of M2 is17.4 GPa

I n order to compare the Yo urrgrtise Brardighul u s
disk test, the straistress curvesf all disk specimensare integraded in Figure 5.6.

From the figure, thstrainstress curveof both Macorand Epument arknear, and the
slopeof 0.03650f Macor is bigger than the slopé 0.00180f Epument.Via formular
(2),theaver age Y o0 u nughis36.573Pdwhichuis higker than th&.8 GPa

of Eepument IN @ddition, both testedksultsaresmallerthan the theoretical valugsovid-

ed by firms.
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Strain-Stress curve in the Brazilian digkst
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Figure 5.6. The strainstress curveof Macor (M) and Epument specimens
in the Brazilian disk test (BD)

Above resultonform tothe theorythat wa mentionedn the previous chapter, and it
also indicates that the displacementtlod specimen is controlled by the compressive
loading condition [54]The maximum loads appliad Brazilian disk testthe obtained
maximum strain, the maximum stress dnel maximum displacemeat Epumentspec-
imens and Macospecimes are listed respectively in Table 5.1, except the suppressed
data of Epument-3.

Table 5.1.Theexperimental results dpument and Maca@pecimens
in the Brazilian disk test

Material Max Load l\zlri)r(n?rg%l Max Stress | Max Displacement
(kN) 010 (MPa) (mm)
Epument Bl 216.8 515 1.18 0.003
Epument B2 207.95 535 1.14 0.003
Epument B3 168.74 800 0.91 0.004
Epument B4 176.26 571 0.96 0.003
Epument B5 175.88 420 0.9% 0.004
Epument & 6950 885 1.36 15.80
Epument S3 70.5 14286 1.42 14.29
Epument 4 68.41 521 1.35 14.65
Epument $ 64.46 410 1.25 14.36
Macor 1 11020 624 23.38 1.36
Macor 2 137.84 809 14.53 1.73
Macor 3 135.9 818 28.86 1.32
Macor 4 138.21 741 29.3% 1.45
Macor 5 133.02 791 28.08 1.23
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As shown in the table, the maximum strains for EpuaBeand Epumen$ are in the
similar rangs, which arefrom 420* p 1 mm/mmto 800* p T mm/mm, and from
410* p 1 mm/mm to 885 p 1 mm/mm, while the maximurtoads are quite diffe
ent. By comparing the maximum loads applied on EpusBesrtd Macor, and their re-
resentative maximum displacement, it is obvious Rator carnwithstand higher loads
thanEpument, while Epument hasoredeformation than Macor.

5.2. Three-point bending test result and discussion

As mentioned irchapter fourtheBrazilian disk tesbf B,C and AbOs will be condu¢-

ed in future. To comparthe candidate materials with the baseline and the alternative
materials, three candidate materiais treated asotropicandhomogeneoumaterials

in current thesis.

In the 3PB test, the static loading speeds applied on MacaiQAand BC are0.02
mm/min, 0.1 mm/min and 0.05 mm/miespectively The loaddisplacement curves are
presented in Figures 5.7, 5.8 and 5.9.

LoadDisplacement curve of Macor
in the 3PB test
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Figure 5.7. The LoadDisplacement cunsof Macor (M) specimens ithe 3PBtest
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LoadDisplacement curve oAluminum Oxide
in the 3PB test
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Figure 5.8 The LoadDisplacement cunsof Al,O3 (A) specimens ithe 3PBtest

LoadDisplacement curve oBoron Carbide
in the 3PB test
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Figure 5.9. The LoaeDisplacement cunsof B,C (B) specimesin the 3PBtest

As mentionedn previous during the3PBtestof M4 specimenthe cylinder was sliding

while the static load was applied. In Figures 5.7, 5.10 and 5.13, the testing data of M4
aresuppressed due to the measured vatoesefrom a positioning fault during thexe
peri ment and canb6t be considered

From Figures 5.8 and 5.9, it is obvious that the curves,6f@ein the sameangeof
values.The displacementscreaseslowly when the load is less than 5 kN. Afterwards,
the displacemerst increas rapidly until the specimens are broken. The maximusa di
placements for Macor are measured to be from 0.58 mm to 1.59 mm when the max
mum applied loads vary from 16.21 kN to ZURN. Such values are bigger than the
simulation result 00.298 mm under300 kN for the same reason as mentioned before
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For B,C and ALOs;, the maximum displacements are from 0.73 mm to in@band
from 0.43 mm to 1.04 mm correspondingiyhile the maximum loads vary from 27.08
kN to 31.26 kN and from 25.22 kN to 35.19 kN respectivelhecorrespondingimu-
lation resuls of 0.043 mm and 0.054 mnunder300 kN forB,C and ALOsare less than
the actual tested results.

In general, thdoad-displacement curves in above figures prove and explain time me
tioned fracture process of specimens in the 3PB Adsthe beginning of the tedthe
displacement othe specimerincreaseslowly with theincreasingof the static lod, and

the material surface receigestress concentration and exteride stress concentration
along the miespanvertical direction of the specimen. When the stress concentration
accumulateduntil a certain level,fracture & initiated from the material surface and
propagatd towards the migspanvertical direction of the specimerzrom the second
part of the curves, the loatisplacement curvebehavelinearly. Beforethe material
fractured,the maximum displacememippearsunder the biggest loadBased on the
tesed results, BC can withstand higher load and present small micrometric seale d
formation, while Macolappears to present deformatwhen the loaslare smaller than

t he Macor 6s rhasxasuticomornisto tel3BB simulation resultwhich
indicates that theMacor is the wealestmaterialand B4C to be thestrongesmaterialin

the 3PB test among three candidate materitaigain indicates that the 3PB test is not
suitableto be used for nahomogeneous material, and the test result isooirate

The rectangulaconfigurationof the specimes are with 120nm long, 30mm wide(W)

and 30mm high (H) in the 3PB testand theyare placed abovef two fixed cylinders

which have a distance &0 mm (L) from eachother By theforce (P)applied from the
testing PC, t he ma x i muatulatel by Msingequhbtions(2).r e s s
The strainstress curves d¥lacor, Al,Os; and BC in the 3PB tesare described in Bt

ures 5.10, 5.11 and 5.12.

Strain-Stress curve of Macor in the 3PB Test
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Figure 5.10 TheStrain-Stress curveof Macor (M) specimens ithe 3PBtest
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Strain-Stress curve oAluminum Oxide
in the 3PB test
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Figure 5.11 TheStrain-Stress curveof Al,O3 (A) specimens irthe 3PBteg

Strain-Stress curve of Boron Carbide
in the 3PB test
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Figure 5.12 TheStrain-Stress curveof B,C (B) specimes in the 3PBtest

From Figures 5.10 to 5.12, all the cunafseach material appedinealy. The stress
increases linearly with the strain. On the same chartuhesappeanoverlappingwith
each otherand theirslopes aresimilar, especially in Figures 5.10 and 5.y using the
formula (12), the tensile stregs of alltested specimeanare presented in Table 5.2. As
shown in the Figures and the Table, targesof the maximum load of material B, A
and M are 27.09 kN 31.26 kN, 25.22 kN 35.19 kN, and 16.21 kN 24.21 kN. Ac-
cordingly, theranges of thenaximum deformatiomare 0.73 mm 1.05 mm, 0.43 1.04
mm, and 0.58 mm 1.59 mmrespectively Again, it proves thaB,C and AbO3 can
withstand higher loads thaviacor, same as theimulation result.
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Table 5.2.Theexperimental results dfireecandidae materialsn the 3PB test

. Max Load P Max Strain Max Stress | Max Displacement
Material (mm/mm)
(KN) £ o0 (MPa) (mm)
B,C1 27.09 304 179.25 0.76
B,C2 30.95 344 205.13 0.80
B,C3 30.44 403 202.10 0.89
B,C4 30.12 326 199.@ 1.05
B,C5 31.%6 348 207.12 0.73
Al,O; 1 34.483 504 22560 1.04
Al,O3 2 27.483 395 182.48 0.43
Al,O3 3 27.62 408 25560 0.80
Al,O; 4 25.2 371 168.12 0.5
Al,035 35.19 503 235.42 0.58
Macor 1 24.21 1919 159.8 1.59
Macor 2 19.97 1578 131.6 1.5
Macor 3 20.29 1634 134.8 0.58
Macor 5 16.21 1262 106.86 1.09

By integratingthe tesed results of all three materials in one chart, the ststi@ss
curves are shown in Figure 5.13. The experimental results 8PBdestor threecan-
didate materials are listed in Tal@le.

Strain-Stress curve of candidate materials

in the 3PB test
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Figure 5.13 TheStrain-Stress curveof three candidate materiais the 3PBtest

Figure 5.13hows the strairstress relationships between three candidate materials, also
the slopes otachmateral are presented and compar®&y using theformula @), the
Youngo6s nmattuals A B awdfM arealculated to bé57.9 GPa 563.4 GPa

and 8.3 GPacorrespondingly. Apparently, &£is the biggest amonthree materials,
while Ey is the smallest, andsHs in betweenThe experimental results prove again
that the stressoncentrationncreases ahe midspan ofthe specimen surface, and init
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ates the fradure. With the increased loathe displacemenincreass andthe fracturds
propagatealong the initiated verti¢alirection of thespecimen until the material fac-
tures.

By using the formulas2j and @) , the Youngds modul us E a
from the 3PB testare calculated and listed in Table 5.3. The maximum valweach
material is highlighted with bold.

Table5.3Youngdés modul us and Poissonédés rat
in the 3PB test

Material | E (GPa) | 3 Material | E (GPa)| 3 Material | E (GPa) | 3
Al 4447 | 0.20 Bl 580.4 | 0.14 M1 81.6 | 0.23
A2 446.4 | 0.20 B2 590.2 | 0.19 M2 834 | 0.23
A3 445.3 | 0.20 B3 517.9 | 0.12 M3 819 | 0.23
A4 447.2 | 0.19 B4 602.7 | 0.13 M4 \ \
A5 448.6 | 0.21 B5 590.0 | 0.13 M5 83.5 | 0.22

From above table, £ presentstheihghest Youngo6 &Pambycdampaus ( 6
ing with ALO3;( 448. 6 GPa) and Macor (83.5 GPa).
(0.19) among three material s. Macom- has
paratively, and the Poissondés ratiol (0.2
uesoftheYangds modul us (448. 6 GPaQ;(028haein he F
betweenlf all threecandidate materialsrepresimed to be homogengusy comparing

the experimental results of Yougmodulus and Poiss@nratio with thetheoretical

values in Bble 2.3, the experimental Yousgnodulus are all higher than the theieret

cal values, while the experimental Pois®omtios are all smaller than the theoretical
values.

Table 5.4Maximum Loads and Maximum stresses of materials A, B and M
in the3PBtest

. Pmax Clmax . Pmax umax . Pmax ﬁmax
Material Material Material
(kN) | (MPa) (kN) | (MPa) (kN) | (MPa)

Al 34.43 | 225.60 Bl 27.09 | 179.25 M1 24.21 | 159.68
A2 27.43 | 182.48 B2 30.95| 205.13 M2 19.97 | 131.66
A3 27.62 | 225.60 B3 30.44 | 202.70 M3 20.43 | 134.68
A4 25.22 | 168.12 B4 30.12 | 199.62 M4 \ \

A5 35.19 | 235.42 B5 31.26 | 207.12 M5 16.21 | 106.86

From the Table 5.4, the maximum loafiB,C is aroud30 kN, while the related max
mum stress is approximately 200 MPa,@d can withstanda maximum about 35 kN
load, and the maximum stress (235MPRa) is relatively higher than,B. For the M-
cor, the maximum load is in thangeof 1520 kN and the maximum stress is around
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135 MPa. The above results prove once more that e i stronger cmpared to
Al,Os. The Macor is again the weakest material among all three candidates.

5.3.

Summary of the test results

Following sections 5.1 and 5.2 in the current chapter, the key parametieesnechan-

ical propertieof the candidate materials are inveatey and discussed. For better u

derstanding and comparison, the before mentioned main parameters of different mater
als are listed in Table 5.5. The experimental results are shown in bold, and the data of
SiC and Epument are from firms.

As mentioned befordghe 3PB test is mainly used on homogeneous matesiaisaterial
with homogeneus structure. The Brazilian disk testis conducted first to confirm
whether the materidilas homogeneous structuwenot

Braz i | i an

di

s k

t est [

S

| f

t he
t h the 3B tase maesighrovade
to be ahomogeneous material. If it is not the case, it is-ff@mogeneous material.

However, the Brazilian disk tests fos® and AbOs arenot available due to tHanita-
tion. The 3PB test results are based on the assumption of is@napimmogeneoudsr
all three candidate materials.

Table 5.5.Properties comparison for baseline, alternative and candidate materials

: . Epument
[0)

Materials SiC 1458 B.C Al,03 (99%) Macor
Density

3 3.21 2.4 2.48 3.81 2.52
(g/lcm’)
Youngos N o0l 4045 | 517.9602.7 | 444.7448.6 | 81.683.5
E (GPa)
Poi sssatonsd | 0.16 0.30 0.120.19 0.180.20 0.130.23
Stresstmax (MPa) | 450 \ 179.15207.12 | 168.12235.42 | 106.86159.68
Load Pax (KN) \ \ 27.0931.26 25.2235.19 16.2124.21

Table55hows t he experi ment r e safrhatesal B Aand M, e

which are 517.9 602.7 GPa, 444.7448.6 GPa and 81:683.5 GPaespectively. The
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(0.12) is the lowest among the compared materials. From the intluatues, the ten-

sile stress of the SiC is stilhe highest (450 MPa) amotiige compared materials in
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ssonos
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Table 5.5. Except Epument, the density g€Bs the smallest (2.48 g/cm3) in therco
parison of five materials, while the density ot®@4 is the bigges(3.81 g/cm3). For this
point, B,C is lighter than the rests.

From the ruptured situation of Macspecimes in the Brazilian disk test, and calddla

ing with formula @) , t he Y o u n theéBsaziliaoddskitésugs (slapé 0f36.5

GP3di s not the same a stheBPB ¢estElpe(slopgd88.3GRg.dul us
However, theheoreticalP o i s saboris@ised in the calculation of the Yousgnodi-

lus in Brazilian disk testdue to thenon-availability of the uniaxial test in this study.

The calclated Youngss modulus othe Brazilian disk tesmight be different from the
calculated result with the real testBdo i s gation Bven though, current calculated
results and fracture situatigmoved that the Macois not homogeneous material. 180
paring to experimental results, threechanical properties on tdata sheets provided by

the manufacturers fahreecandidate materialareinput to the simulatiomprovide dif-

ferent simulation results. Especially forMacor, it is observed to have themallest
equivalentstress 131.96MPa) under 30 kNn the simulation of Brazilian disk test, but

the simulation of 3PB test provides the biggest equivalent stress (197.67 MPa) under the
same loadHowever, the actuahechanical testesult of Macor proves that Macwrthe

most brittle material among three candidate materdaild Macor is a nehomogeneous
material. ForB,C and ALOs; the simulation results of Brazilian disk test and 3PB test
show the nothomogeneougproperty of both materials, but it is difficult to prove the
simulation conclusiownf the Brazilian disk tegshrough the actual fracture status of both
materialsdue to the limitation of the experimantthe thesis. Therefore, titemparison

of three cadidate materials is only done through the 3PB test with the assumption of
homogeneous materials. In this caBg; provedt o have the biggest
(517.9602.7 GPa) among three candidate materials.

The aim of the study is to compare the experimental data 3RBnhtestand Brazilian
disk test andto extract the slopesft he Youngdés modul us Ifrom
cul ati ng t he oi¥MaoonigtibeSPBrestahdthe Brazilian disk the df-
ference between two values is 384, which is too big Also, from the craclpatterrs

of Macor in Brazilian disk testit is obvious that Macobehawes heterogeneusly.
Therefore, Macor is not homogenous comes to the csioclland the Young modi-

lus camaot be obtained from the 3PB test. TBeazilian disk test of Al,O3; and B,C can

be conducted in future for thmmparisorof Youngs modulusin the 3PB test andhe
Brazilian disk testand forthe confirmation othe homogeneity ofthe materials. Taet
anaccurate Youn@ modulus irthe Brazilian disk testanactualP o i s satonofite
specimenshould be deduced frommiaxial test oResonant Ultrasound Spectroscopy
(RUS) proposed by Jyrkvuorinenfrom Tampere University of Technologyhe RUS
method can be used to analyze the mechanical propertreatefials and onlya very
small piece of materiapecimens needed, compared with uniaxial test. Therefore, the
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3PB test results of AD; and B,C are used to compare with Macor by assuming both
Al,O3 and B,C are homogeneous material in the study.
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6. CONCLUBNBO

The main goal of this thesis is to study three candidate materials, and comparing them
with the baseline and the alternative materials which are used for supporting system
girders, and mapping candidate materials for forward material study for the soagporti
system girders. At thstartup of the study, simulationareconducted with the ANSYS
software. Afterwards, experiments on the material propediescheduled so as to
measure and compattee simulation results wittthetestddata.

The selectiorof candidate materials based on the properties of the baseline and the
alternative materials. In mechanical tests;Alprovedto withstandmaximum 35.19

kN loads Macor can withstanthe leastoads(maximum 24.21 kiNamongthreemate-

rials. In the 3PB tesB,C is measured to havwbe biggestmaximumYoung6és modu
of 602.7 GPandthesmallestminimumP o i s s o of@.4d2amang three candidates,

the baseline and the alternative materidlse results are only available with the a
sumption of homogeneous materials

Brazilian disk test an8-point bendingestareselected as mechanical tests in the study
By comparing the actual Youtgmodulusof the specimens in Brazilian disk test and
3PB test, the homogeneity thireecandidate materials can be deduced and investigated.
In the Brazilian disk test of Macor, the stress concentragitotated on the static Ida

ing point. When the stress concentrati@accumulatedirtil a critical level,a fracture

is initiated. Afterthat thefractureis propagated along the vertical mieter of the spe
imen. If the material is homogeneous, the crack pattern shouldsbaightline along

the vertical diameter of the specimen. On the contrhityjs not homogenousa lot of
micro-cracks in the fracture zormeecongested and form a primary crack, which is not a
straight line, along the vertical diameter. In the 3B&,tthe stress concentratianlo-
cated onhe midspan of the specimea,fracture & initiated by the accumulatestiress
concentration, the crack propagation direction psdfes initiated direction of the fca

ture, andhecrack line is along the vertical direction of the specimen. For homogeneous
material, the crack line is a straight line at the-spdnlocation As shown in the &
chanical testsMacor provedto be anorrthomogeneous material. Thus, the Yo@ng
modulus of Macom the 3PB test is not accuratad it can only be used foomparison
purposedn the studywhen assuming all candidate materials are h@nogs Moreover,
anaccurateYoungs moduus foranorrhomogeneoumaterialcan be obtained by using
equationsof Brazilian disk test. In this case, the real Poigsaatio of the specimen is
very important for the calculation of the actual Yoéngoduls, and the actudbois-
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s o mrdii® has to be tesdl In the study, the calculation of the actual Yo@ngnodulus
in Brazilian disk tests using theheoreticalP o i s sationddesto the limitation of the
experimentln addition, he analysisof the homogeneityof specimen has to lsssoci&
edwith the fracture process and test results of the specimen.

During the datapocessi ng, t h eis cdloulatedywitls forrmuad ofdh u s
mogenous mat&ls. As a result, only Macqroved to have differemaluesofY o un g 6 s
moduus. Therefore, the fact that Macor is a Alsomogeneous materied stated safely.
Themechanical properties frothe supplier data sheetsealso compared to the expe
imentally acquiredralues. It appearghat the differences of 226, 17.5% and 20% for

the Young6s nAl,OJanddMacorfexisbetween Bxperimental andeth

oretical values. Likewise, there are 18.2% and 5¥%rencesf or t he Poi sson
Al>Os and Macor.

According to the test results ohapter fivether el at i onshi ps of the
the Poissond6és ratio, the maximum stress
baseline material and the alternative materighe 3PB testare (bold values are @r

vided by suppliers):

- EBac > Eapoz > Esic > 400 GPa;

- Ma x | MK 38c < aB03 < Magor< 3Epument;
- Umax Of SiC (450 MPa)is the biggest among all the materials;

- } Epument < B4c< Mécor < sig < aios

Based on the study of material propertiesC Bs proposed for furthestudy. However,

this is a study only for the material properties. The choice for the structural material of
the supporting system depends on the combination of feasibility study, manufacturing
strategy, radiation hardness cost and resources evaluatiaheaowerall CLIC Module
development schedule.

For further study, the Brazilian disk test can be conducted,6raBd AbOs, to verify if

both materials are homogeneous materidigteover, uniaial test orResonant Ula-
sound Spectroscopy (RU8an be carried on to obtathe actual Poissais ratio for
calculating theaccurateY oungds modulusof a norhomogeneous materiad the Brazi-

ian dik test A thermal analgisand an irradiation test under a high energy and neutron
beam shall beonsideredas well
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APPENDIX 2: MATERIAL DATASHEETS

g AP
‘.;;!‘.‘ *

CARBURE DE SILICIUM FRITTE BOO
BOOSTEC SINTERED SILICON CARBI
CARACTERISTIQUES TYPIQUES * ;
4 B 1
TYPICAL CHARACTERISTICS * o 1 3
Silicium libre / Free silicon % mass.] wt% !
PHYSIQUES Structure cristalline / Crystal structure Zo V )
Taille moyenne des cristaux / Mean grain  size 106m \
PHYSICAL Porosité totale / Total porosity % vol. / vol.%
Porosité ouverte / Open porosity % vol./ vol.%
Densité apparente / Apparent bulk density 10% kg/m3
Densité théorique / theoretical density 10° kg/m?
THERMIQUES Coefficient de dilatation linéaire 20-500°C 10-/°C 4.0
20-1000°C 10-6°C 4.6
THERMAL Coefficient of thermal expansion 20-1400°C 10°/°C 52
Conductivité thermique 2 20°C W/m.K 180
500°C W/m.K 68
Thermal conductivity at 1000°C| W/m.K 40
Chaleur spécifique a 20°C J/kg.K 680
ol e e 500°C J/kg.K 1040
Specific heat at 1000°C J/kg.K 1180
Résistance aux chocs thermiques (F- f
°C 325 0[ oomdbmeh
Maximum thermal shock
[8sUF
MECANIQUES | Dureté Vickers (charge 500g) Hy = P
GPa 22 . W
MECHANICAL | Vickers hardness (500g load) ]\/ /" D] i
Résistance mécanique (flexion 3pts) a 20°C MPa 450
1000°C MPa
Mechanical strength (3-point bending) at 1400°C MPa
Module de Weibull / Weibull modulus a/at20°C —
Résistance en compression / Compressive strength MPa
Module d'Young / Young's modulus GPa
Module de cisaillement / Shear modulus GPa
Coefficient de Poisson / Poisson's ratio R
Ténacité Kic / Kic Toughness a/at20°C{ MN.m¥2
ELECTRIQUES
| Résistivité électrique / Electrical resistivity Ohm.m
ELECTRICAL
Température limite d'utilisation sous air / in air o°C
atm. neutre / inert atm. °C

Maximum working temperature

données sans garantie de BOOSTEC INDUSTRIES

typical and should not be idered as specificati
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Technical Data Sheet
EPUMENT 145B

Labor - Rev.-Status: 009 — 2007/08/08 Page 1 of 1
Product EPUMENT 1458 — is a three component cast polymer based on an epoxy resin including a
description more special filler combination consisting of raw materials. Due to state-of-the-art batching,

mixing and vibrating engineering, a high performance material is achieved which is
homogenous, optimally compact and low on entrapped air.

Properties * Highest rigidity
* Low thermal conductivity
= Thermal expansion coefficient adjusted 1o steel
* Lowest creep behaviour under stress influence
Application For casting big weldments or cast constructions e.g. machine parts (pillars, machine stands

and engine beds) as well as substructures for assemblies strained by vibration e.g. en-
gines, gear, turbines, centrifuges and test rigs to get a higher static and dynamic rigidity.

Mechanical data

+ Density approx. 2,4 glcm?

Compressive strength * 130 - 150 N/mm?

Flexural strength * 30 - 40 Nfmm?

Meodulus of elasticity * 40 - 45 kN/mm®
+ Poisson's ratio approx. 0,30
+ Logarithmic decrement 0,022
* Thermal expansion coefficient approx. 15 10°K" at 20 °C
* Thermal conductivity approx. 2,9 W/mK at 25 °C
* Specific heat capacity approx. 0,73 Jig K at25°C
* Thermal diffusivity approx. 1,75 mm¥s at25°C
+ Wall thickness =90 mm
* Maximum grain size 16 mm

Note All recommendations for the use of our products are based on years of experience and

the current state of our knowledge. Motwithstanding any such recommendations the
Buyer shall remain responsible for satisfying himself that the products are suitable for his
intended process or purpose.

Since we cannot control the application, use or processing of the products, we cannot
accept responsibility therefore. The Buyer shall ensure that the intended use of the prod-
uets will not infringe any third party’s intellectual property rights. We warrant that our
products are free from defects in accordance with and subject to our general conditions of
supply.

* measured by the testing machine Form + Test Seidner, Typ 502/30001005P

EPUCRET Mineralgusstechnik GmbH & Co.KG
Daimlerstralte 18-26 - D-73117 Wangen bei Géippingen » T +49 (0) 7161 95889-0 » F +49 (0) 7161 95889-29
E info@epucret.de + hitp://www.epucret.de
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ABECO

MATERIALS

Product Data Sheet

Boron Carbide

Chemical

Total B Total C B«C
F4 - F150 77-80 % 17-21 % 96-98 %
F180 - F400 76-79 % 17-21 % 95-97 %
F500 - F800 75-78 % 17-21 % 94-97 %
F1000 - F1500 74-78 % 17-21 % 93-97%
-10p or -25p 76-81 % 17-21 % 93-97 %
-100, -200, -325 mesh 76-81 % 17-21 % 93-97 %
-60 + 150 mesh 76-81 % 17-21 % 93-97 %
BoOs max 0.5%
Fe203 max 0.5 %
Physical (eypical)
Density =248 gfem®  hot pressed and sintered
Hardness (Knoop 100g) 2900-3580
Fracture Toughness 2.9-3.7 MPa.m'?
Young's Modulus 450-470 GPa

Electrical Conductivity(25°C) 1408
Thermal Conductivity (25°C)  30-42 W/m.K
Thermal Expansion Coefficient 5 x 10¢/°C

Boron Carbide
Appearance Application

Black powder Refractory, Wear Resistant and
Structural Ceramics
Metal Matrix Composites
Nuclear Shielding
Grinding, Polishing and Lapping
Ballistic armour

Material can also be supplied as hot pressed and sintered pieces

up to 400 x 400 mm?
CAS Number 12069-32-8

Transport Non hazardous

ABSCO Materials, 42 Hollands Road, Haverhill, Suffolk CB9 85A, England
Tel - +44 (0)1440 708708 / Fax - +44 (0)1440 708708 / enquiries@abscomatearials.com

A partnership between ABSCO Lid and Hertford Resources Lid
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