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Summary

The present Ph.D. thesis has been carried out at the European Organization for Nuclear
Research (CERN), located in Geneva (Switzerland).

At CERN the structure and physics of matter are studied with the aid of high energy
particle beams; Large Hadron Collider (LHC) produces the world highest energy particle
beam. The beam total energy is equivalent to the energy of a full Airbus A320 (66 t)
plane travelling at 380km=h, but concentrated in the diameter of a pencil lead. Beam
intercepting devices, in particular collimators, are required as safety protection devices
for using these high energy particle beams. Therefore, collimator absorber materials have
to withstand one of the hardest man-made environments. On top of that, they must
not disturb the normal particle accelerator operation, introducing additional requirements
such as high electrical conductivity and ultra-high vacuum compatibility. Finally, the
materials have to be produced industrially, therefore reliable and cost-e cient processes
are required.

In the coming years, an important upgrade, known as High Luminosity LHC (HL-LHC),
is foreseen, requiring more performing collimator materials. This calls for the development
of novel advanced materials.

The uncommon combination of properties required can be met by certain graphite-
matrix composites, particularly those including the advantages of liquid phase sintering.
Apart from high densi cation through void in Itration, an adequate liquid phase induces
catalytic graphitisation by dissolution of individual carbon atoms and precipitation of
fresh graphite.

The research in this thesis aimed at signi cantly extending the knowledge of the phys-
ical mechanisms such as catalytic graphitisation that govern the behaviour of these
materials. One of the main goals of this research was to nd new production routes reduc-
ing the material cost and facilitating the sintering control, therefore increasing the market
dissemination potential. A broad spectrum of candidate elements to replace molybdenum
has been explored and chromium was selected for the study.

Four chromium carbide - graphite (CrGr) grades were produced and extensively char-
acterised. Thermo-physical characterisation results have been presented for all the grades
produced. Microstructural and phase analysis have been performed. The thermal expan-
sion behaviour and stability of all relevant phases have been characterised by in-situ X-ray
diraction (XRD) up to 600 C. The results have been compared with two high quality
commercial graphites: pyrolytic graphite (PG) and ne-grained nuclear isotropic graphite.

The investigated carbide-graphite composites are mainly composed of oriented graphite,
therefore they exhibit a transversely isotropic behaviour with in-plane properties compa-
rable to those of pure ordered graphites. However, unlike the latter, which are extremely
anisotropic, the composites keep reasonable thermo-physical and mechanical properties
also in the direction perpendicular to the basal planes.

Besides high energy physics, the combination of properties of these carbide - graphite
composites is appealing for a broad range of thermal management applications, particu-
larly in aerospace and electronics, where reduced thermal expansion and low density are
required along with high thermal conductivity.



Resumen

Esta tesis doctoral se ha realizado en la Organizacion Europea para la Investigacion
Nuclear (CERN), ubicada en Ginebra (Suiza).

En el CERN se estudia la estructura y la fisica de la materia, con ayuda de haces de
particulas de alta energia. El acelerador Gran Colisionador de Hadrones (LHC) produce
el haz de particulas con la mayor energia del mundo. La energia total contenida en el haz
equivale a la energia de un avién Airbus A320 lleno (66 t) viajando a 380 km/h, pero
concentrada en el didmetro de la mina de un l4piz. Para trabajar con esos haces de alta
energia son necesarios equipos de proteccién e interceptacion del haz, particularmente
los colimadores. Los materiales absorbentes de los colimadores tienen que resistir a uno
de los entornos méas duros creados por el hombre. Ademas de eso, no pueden alterar el
funcionamiento normal del acelerador, lo que introduce requisitos adicionales como alta
conductividad eléctrica 0 compatibilidad con ultra alto vacio. Finalmente, tiene que ser
posible producir estos materiales industrialmente, por lo que se necesitan procesos ables
y econdémicamente viables.

En los préximos afios, esta prevista una importante serie de mejoras llamada LHC
de alta luminosidad (HL-LHC upgrade), que requiere colimadores con materiales ab-
sorbentes de mejores prestaciones. Esto plantea el desarrollo de nuevos materiales.

Los materiales compuestos de matriz grafitica, en concreto los que incluyen las ventajas
del sinterizado en fase liquida, pueden cumplir con la inusual combinacién de propiedades.
Aparte de alta densi cacion por in ltracion de poros, una fase liquida adecuada induce
gratizacién catalizada por medio de la disolucién de atomos individuales de carbono y
precipitacion de grato fresco.

Esta tesis busca ampliar signi cativamente el conocimiento de los mecanismos fisicos

como la gra tizacion catalizada que controlan el comportamiento de estos materi-
ales. Uno de los objetivos principales de esta investigacion es encontrar nuevas rutas de
producciéon que reduzcan el coste y faciliten el control del sinterizado, por lo tanto que
consigan aumentar su aplicaciéon y uso en el mercado. Un gran abanico de elementos han
sido explorados, de los cuales el cromo fue seleccionado.

Cuatro grados de material carburo de cromo - grato (CrGr) fueron producidos y
caracterizados en profundidad. Se han presentado resultados de la caracterizacion ter-
mofisica de todos los grados desarrollados. Los ensayos incluyen caracterizacion de la
microestructura e identi cacion de las fases cristalinas. Los coe cientes de expansion tér-
mica y la estabilidad de las fases se han caracterizado con difracciéon de rayos X in-situ
hasta600 C. Los resultados se han comparado con dos grados comerciales de gra to tam-
bién caracterizados: grato pirolitico y gra to isotrépico de grano no (grado nuclear).

Los composites de carburo-gra to investigados estan mayoritatiamente compuestos de
gra to orientado, por lo que muestran un comportamiento transversalmente isétropo con
propiedades en la direccién de los planos basales comparables a las de gra tos orientados
puros. Sin embargo, a diferencia de estos Ultimos, que son extremadamente anisotrépicos,
los composites mantienen propiedades termofisicas y mecanicas razonables en la direccion
perpendicular a los planos basales.

Ademas de ser aplicable en fisica de altas energias, la combinacién de propiedades de
estos composites es atractiva para un amplio catalogo de aplicaciones de transferencia de
calor, particularmente aeroespaciales y electrénicas, donde se necesitan bajos coe cientes
de expansidn, bajas densidades y altas conductividades térmicas.
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1 Introduction

1.1 The upgrade of the Large Hadron Collider (LHC)

1.1.1 History of CERN

At the end of the Second World War, European science was no longer world-class. Fol-
lowing the example of other international organizations, a handful of visionary scientists
imagined creating a European atomic physics laboratory. Raoul Dautry, Pierre Auger and
Lew Kowarski from France, Edoardo Amaldi from Italy and Niels Bohr from Denmark
were among these pioneers. Such a laboratory would not only unite European scientists
but also allow them to share the increasing costs of nuclear physics facilities [1].

The Conseil Européen pour la Recherche Nucléaire (CERN) was established in 1954,
nine years after the end of the Second World War, when the economical situation allowed
an agreement between the 12 founding Member States: Belgium, Denmark, France, the
Federal Republic of Germany, Greece, lItaly, the Netherlands, Norway, Sweden, Switzer-
land, the United Kingdom and Yugoslavia.

CERN was founded with the principles of non-military, and non-secretive international
institution, as its convention [2] states in Article I
The Organization shall have no concern with work for military requirements and the re-
sults of its experimental and theoretical work shall be published or otherwise made generally
available.

Figure 1.1: Flags of member states at CERN's main entrance, Nov. 1960 and Sep. 2018.

Today CERN has 23 member states: Austria (1959), Spain (1961-1969, re-joined 1983),
Portugal (1985), Finland (1991), Poland (1991), Czechoslovak Republic (1992), Hungary
(1992), Bulgaria (1999), Israel (2014), Romania (2016) and Serbia (2019). The Czech
Republic and Slovak Republic re-joined CERN after their mutual independence in 1993.
Yugoslavia left CERN in 1961.

Member states have special duties and all privileges of participation in CERN. They
contribute to the capital and operating costs of CERN's programmes in proportion to
their Net National Income (NNI), and they are represented in the council, responsible
for all important decisions about the organization and its activities. The Member states'
contribution for 2017 was almost 1,120 million Swiss francs (around a billion euros). The
ve biggest contributors to the 2017 budget were Germany (20.4%), United Kingdom
(15.1%), France (14.3%), Italy (10.6%) and Spain (7.2%) [3].
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The contributions to CERN are returned to the member states with dedicated balanc-
ing regulations. The return goes to people, companies and institutes from the Members
states, having access to sta employment, to student and training programmes, and to
contracts for services and supplies of goods.

Associate Members states pay a reduced contribution to the CERN budget and enjoy
bene ts that are reduced accordingly. They are represented at the CERN Council, except
at Closed Sessions, and do not have voting rights. Cyprus and Slovenia are Associate
Members States in the pre-stage to membership, and India, Lithuania, Pakistan, Turkey
and Ukraine are Associate Members States.

Associate Member States in the pre-stage to Membership

Associate Member States

- mm 08 &

Observers

Figure 1.2: Other states and institutions linked to CERN

Observer status allows non-member states that have made signi cant contributions
to the CERN infrastructure to attend council meetings and to receive council documents,
without taking part in the decision-making procedures of the organization. Observer States
and organisations currently involved in CERN programmes include: Japan, the Russian
Federation, the United States of America, the European Union, the Joint Institute for
Nuclear Research (JINR), and UNESCO, see Figure 1.2.

Non-member states with co-operation agreements with CERN include Albania, Al-
geria, Argentina, Armenia, Australia, Azerbaijan, Bangladesh, Belarus, Bolivia, Brazil,
Canada, Chile, China, Colombia, Costa Rica, Croatia, Ecuador, Egypt, Estonia, Geor-
gia, Iceland, Iran, Jordan, Korea, Malta, Mexico, Mongolia, Montenegro, Morocco, New
Zealand, North Macedonia, Peru, Saudi Arabia, South Africa, United Arab Emirates and
Vietham. CERN also has scienti ¢ contacts with Cuba, Ghana, Ireland, Latvia, Lebanon,
Madagascar, Malaysia, Mozambique, Palestinian Authority, Philippines, Qatar, Rwanda,
Singapore, Sri Lanka, Taiwan, Thailand, Tunisia, Uzbekistan.

In 2017, there were almost 5,300 members of personnel working at CERN, including
204 doctoral students, 182 undergraduate students in Applied Physics, Engineering or
Computing carrying out a project for their Master's thesis ( technical students ). Besides,
there were 342 University students doing 2-3 month internships in summer ( summer
students ).

Associate members of CERN personnel also include over 12,000 Users, mainly research
physicists, from all over the world, collaborating most of the time from their home insti-
tutions [4].
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1.1.2 CERN's mission
Four themes encapsulate CERN's mission:

Research: The core business of the Organization is to gain understanding of the
most fundamental particles and laws of the Universe. This statement underscores the
fact that CERN is rst and foremost a research laboratory for fundamental physics.

Technology: CERN develops new technologies for high-energy accelerators, detec-
tors and computing. CERN-based innovation have applications in other domains,
advancing the frontiers of technology. Knowledge transfer produces important eco-
nomic return for the industrial sector and drives the creation of start-ups.

Collaborating:  Peaceful collaboration and diversity are intrinsic to CERN, bring-
ing nations together through science. People of more than 100 nationalities from
across the globe work at CERN, with extremely diverse cultural, academic and pro-
fessional backgrounds (science, engineering, computing and others).

Education:  The scientists, engineers and technicians of tomorrow are trained
through diverse employment and internship programmes, with hundreds of new
places available each year. CERN motivates school students to pursue the study
of science and inspires scienti cally aware citizens.

1.1.3 Particle collisions, energy and luminosity

Collisions

In order to accomplish the main goal of the organization, fundamental physics research,
particle accelerators are designed and built to collide particles at high energies. Einstein's
famous formula E = mc? (the mass-energy equivalence) states that mass can transform
into energy and vice versa, withc the speed of light in vacuum 2:9979 1 ms 1). This
transformation is possible by colliding particles.

Annex A describes how the Large Hadron Collider (LHC) is operated, from the source of
beam particles to the detection of the collision products.

Figure 1.3: Candidate Higgs boson event from collisions between protons in the LHC. The di erent
layers of sensors in the detector show the decay into two photons (dashed yellow lines and green
towers).
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Energy

At each collision, the energy that has been put into the centre-of-massEcy,) partially
transforms into any of a range of new particles (mass), see Figure 1.5.

The particle energy is usually measured in electron-volt ¢V), which is de ned as the
amount of energy gained (or lost) by a particle of elementary charge moving across an
electric potential di erence of one volt. One eV equals to approximately 1:6 10 1°J.
Electron-volt is commonly used with the metric pre xes kilo- ( 10%), mega- ( 10°), giga-
( 10°) ortera- ( 10%?) (keV, MeV, GeV, TeV respectively). To make a proton gain 7T eV
is thus required an electrical potential of 7;000 000, 00G 000V, as comparison, the high-
est voltage electric power transmission lines in the world (China) work at1; 100, 000V .
By virtue of the mass-energy equivalence, the electronvolt is also a unit of massy=@),
which equals t01:783 10 36kg.

No particle can move at a velocity higher than the speed of light in a vacuum; however,
there is no limit to the energy a particle can attain. In high-energy accelerators, particles
normally travel very close to the speed of light. In these conditions, as more energy is
given, the increase in speed is minimal (Figure 1.4).

100 2 = = © =t
. - - p§ SPS LHC
o0 | . Booster @ (25Gev) (450 Gev) (7 TeV)
~electrons 1.4 GeV)/
80 4 (14 GeV)
——— protons P TEM /
70 /1 (300 keV)
T B0 j . N n me 2
B Ey = myc” me” = me”
® 30 r Vv1—1v/c
T 40 | , /
o
& 30 - ¥ @ LINAC2
PSEm /(50 MeV)
20 ¢ (20 keV) /
10 F
U '] = — = -J i i
~ = [ o P~ w 1] o - ~ m
g 3 3 g 2 g g 7 7 3 3
& Energy(eV) 4 ] e g = 4 4 ! = e

Figure 1.4: Relationship between kinetic energy and speed for relativistic particles.

Einstein never derived an equation for 'relativistic mass', and in later years he ex-
pressed Bis dislike of the idea: It is not good to introduce the concept of the mass
M = m= 1 v2=¢& of a moving body for which no clear de nition can be given. It is
better to introduce no other mass concept than the 'rest massn. Instead of introducing
M it is better to mention the expression for the momentum and energy of a body in mo-
tion. Albert Einstein in letter to Lincoln Barnett, 19 June 1948 (quote from L.B. Okun
(1989), p. 42).

Nevertheless, just to show what would be its e ect, if the concept 'relativistic mass'M
could be introduced, the mass of the particle would increase as shown in Table 1.1.
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Table 1.1: Comparison of the speed and energy of a proton (rest mass = 0:938GeV=¢) [5]

Kinetic energy of a

Accelerator Speed oc) M=m?*
proton
At rest 0 0 1
Linac 2 50 MeV 31.4 1.05
Booster 1.4 GeV 91.6 2.49
PS 25 GeV 99.93 26.73
SPS 450 GeV 99.9998 500.00
LHC 7 TeV 99.9999991 7453.56
*see text
three geTEeEr::‘ii[:)r:sTfmalter 938.27 MeV/c2
| I i T
=2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? ] Y =isoscevE @ @
- @@ |- O @| @
up charm to luon Higgs .
L el | Wi
7 Mev/ic2 =06 MeV)/c? =4,18 GeVjc’ 0 |
" OO ®| @ Proton
down J strange J bottom J photon ——
0
=0.511 Mev/c® =105,66 Miv/c? =1.T768 GeV/c* =91.19 GeVic' 1 112
1 1 1 o " e
12 e 12 “‘ \2 1:_ | & - _
electron muon tau Z boson :
) : ) \ - ﬁ
o 22 eV <L.T MeVic =15.5 Melic” =80.39 GeVjc” | j:
. DI DB @ | .
B " b0 ¥ |3 Neutron
228 eleclr_on rnuqn tat.! W bDSOl'l =T
’ neutrino 11 neutrino neutrino § | G

Figure 1.5: (Left) Standard model of elementary particles. The Higgs boson is the only scalar
particle: all of its quantum numbers are zero, its only property is mass. Image by Cush / CCO.
(Right) Protons are composed of two up quarks and one down quark, held together by the strong
force, mediated by gluons. Neutrons are made of two down quarks and one up quark. Modi ed

from original and original by Arpad Horvath / CC-BY-SA-2.5.

The st accelerator built at CERN, the 600 MeV Synchrocyclotron (SC), started work-
ing in 1957. It provided beams for CERN's rst experiments in particle and nuclear physics

by using a single beam and a xed target.

The Proton Synchrotron (PS), see Figure 1.6, a much bigger machine with628m
circumference, accelerated protons for the rst time on 24 November 1959, becoming for
a brief period the world's highest energy particle accelerator. The next morning John
Adams announced the achievement in the main auditorium, see Picture 1.6. In his hand
is an empty vodka bottle, which he had received from Dubna with the message that it was
to be drunk when CERN passed the Russian Synchrophasotron's world-record energy of
10GeV. The bottle contains a polaroid photograph of the 24GeV pulse ready to be sent

back to Dubna. Today, this gure is a factor 300 larger in the LHC.



1. Introduction
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Figure 1.6: (Left) Aerial view of the underground PS ring in 1965. (Right) John Adams in the
main auditorium at CERN, 25-Nov-1959.

By the late 1950s, physicists knew that a huge gain in collision energy would come from
colliding particle beams head on, rather than by sending a single beam on a stationary
target. In the case of a collider of two opposite beams with energieB; and E,, where the
collision point is at rest in the laboratory frame, the centre-of-mass energy Ecm) is [6]:

Eén = (E1+ Ep)? (1.1)

The world's rst interactions from colliding protons were recorded for the rst time in
1971, in the Intersecting Storage Rings (ISR).

Since then, several other accelerators, detectors and experiments have been built at
CERN with the goal of increasing the energy of the collisions. As of today, the Large
Hadron Collider (LHC) at CERN, see Figure 1.7, reached a maximum proton beam energy
of 7 TeV, resulting in a world record Ey, of 14 TeV.

—ALICE
s,

v

Figure 1.7: Real size footprint of the 27km-long LHC on the Geneva region.

Luminosity

Only particles with, at most, the corresponding mass of the collision energyE.m) can be
created, though not always, as some physical events are more likely than others. Besides,
some physical processes require other primary reactions to occur, increasing the di culty

10



1.1. The upgrade of the Large Hadron Collider (LHC)

of taking place.

The probability that an event occurs can be measured by the cross section (), with
unit 'barn' ( b= 10 2?*cm?). The number of events per secondNey) for a speci ¢ process
is given by the product of the luminosity (L) and the cross section:

The Luminosity (L) is de ned as the measurement of the number of events (collisions)
that can be produced per unit of area and per second, therefore it has the unitsm 2s 1
[6]. It measures how many particles can be squeezed through a given area in a given
time. Equation 1.3 is the well-known expression for the luminosity of two Gaussian beams
colliding almost head-on, with a small crossing angle. It shows how the luminosity depends
on the number of particles crossing the collision point per unit of time, the beam sizes and
the luminosity reduction factor S.

NiN2fN
With N; and N, the number of particles per bunch, f the revolution frequency, Nb the

number of bunches per beam, and x and y the beam size in the two directions of its
cross-section.

L = S (1.3)

S g—t (1.4)

1+(—=5)?
With ¢ the bunch length and the crossing angle. For the LHC parameters S results in
0.835 [6].
The LHC luminosity is therefore [6]:

_ (115 10'YH2 11245 2808

. - 4 2« 1
Line = 4 (167 10 9)2 0:835=1 10*cm 2%s (1.5)

The total proton-proton cross-section at the LHC includes both elastic and inelastic
processes. Furthermore, inelastic processes contain di erent kinds of soft interactions
known as non-di ractive, single-di ractive and double-di ractive processes [7]. The total
proton-proton cross-section in the LHC operating with 6.5 TeV beams is around 111
millibarn, broken down in inelastic (80 mb) and elastic (31 mb) scatterings [8]. It is only
in inelastic reactions where new particles are produced and/or the internal structure of
the initial particles is changed [9], so only them are potentially interesting collisions.

Neotisions =1 10** 8 10 ?5(80mb) =800 10° col: per second (1.6)
In other words:
Ncollisions = 800  10°=(11425 2808) = 25col: per crossing 1.7)

On the other hand, the cross-section for producing a Higgs boson (7 TeV beams) at
the LHC is in the order of 10 picobarn [10] (by gluon-gluon fusion mechanism).
With nominal luminosity:

Nhiggs =1 10°** 1 10 3(10pb = 0:1Higgs per second (1.8)

11
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Which is equal to 1 Higgs every 10 seconds. The ratio is only 1 Higgs boson produced per
10 billion collisions in the LHC (0.00000001%). Only after complex statistical analysis of
data collected over several years, it was possible to determine at CERN the presence of
the Higgs boson. This simple example shows the importance of maximizing the luminosity

of the collider.

1.1.4 HiLumi upgrade (HL-LHC) and future plans

In the previous section it was shown why the luminosity of the collisions has to be maxi-
mized in order to discover and prove the existence of new particles produced in rare events.
This section shows the main accelerator parameters that will be changed during High Lu-
minosity upgrade (HiLumi or HL-LHC) in order to increase its luminosity [11]. One of
them in particular, the beam intensity, is critical to the collimation system.

LHC nominal parameters, compared with high HL-LHC upgrade, and with high energy
LHC (HE-LHC) and hadron-hadron Future Circular Collider (FCC-hh) [12] proposals are

presented in Table 1.2.

The design luminosity of HL-LHC will be improved in a factor 5. As consequence, in
the following 12 years of operation, it is expected to gather 10 times more data than the

12 years of operation of LHC (2014-2026).

Table 1.2: Comparison of collider parameters [13]

Parameter LHC HL-LHC HE-LHC FCC-hh
Collision energy [TeV] 14 14 27 100
Magnetic dipole eld [T] 8.33 8.33 16 16
Dipole operating temperature [K] 1.9 1.9 1.9 1.9
Circumference [m] 26.659 26.659 26.659 10km
Injection energy [GeV] 450 450 1300 3300
Total Synchr. radiation power [KW] 3.6 7.3 101 2400
Energy loss E/turn [keV] 6.7 6.7 93 4600
Revolution freq. [Turns per second] 11245 11245 11245 11245
Bunches per proton beam 2808 2808 2808 10400
Protons per bunch [ 10'] 1.15 2.2 0.44-2.2 0.2-1
RMS bunch length [cm] 7.55 8.1 7.55 7.55
Bunch spacing [ns] 25 25 25 25
Beam current [A] 0.58 1.12 1.12 0.5
Stored energy/beam [MJ] 362 700 1300 8400
RMS beam size at int. point [m ] 16.7 8.2 3-6.6 1.5-6.7
Peak luminosity [ 10%%cm 2s 1] 1 5 25 5-30
Total inelastic cross section [mbarn] 82 112 91-125 109-156

Crossing angle

One way of increasing the luminosity is to reduce the crossing angle (285rad in the

LHC). This is planned for the HL-LHC upgrade by installing 16 novel radio-frequency
cavities (called Crab Cavities), made of superconducting bulk niobium through a complex
forming process. They will rotate the bunches ("crabbing") at the collision points in order

12



1.1. The upgrade of the Large Hadron Collider (LHC)

to reach optimal head-on collisions, Figure 1.8. This will make the Luminosity reduction
factor S of Equation 1.3 to increase from 0.835 to around 1.

Crab cavity Crab cavity

> 4

Collision
with
Crab cavities

%t 4
) t
A 2 [T

without
Crab cavities

Figure 1.8: (Left) Niobium Crab cavity under construction in a clean room at CERN. (Right)
Comparison of the collision crossing angle with and without Crab cavities.

Beam size

The second possible approach is to reduce the size of the beam, in this way the particles are
concentrated in a smaller area. The HL-LHC upgrade will comprise 24 new quadrupole
magnets that further increase the beam focusing at the collision points (Figure 1.9) to
enhance the luminosity. The beam size will be reduced from 16.7 t8:2 m , see Table 1.2.

The new quadrupole magnets, called MQXF, use special engineering techniques to
withstand the enormous forces generated by the magnetic eld (up tol3T) in the Nb3Sn
coils. For example, they feature a thick aluminium external ring to prot from its higher
thermal contraction with respect to steel, and compress the set-up while being cooled down
to operating temperature (1:9K ). This is very important to keep the coils in place and to
avoid movements that could generate heat compromising the superconducting state. The
new quadrupole magnets are being developed in the framework of a collaboration between
CERN and the LHC-AUP (LHC Accelerator Upgrade Project) consortium, which involves
three US laboratories.

Figure 1.9: (Left) Cross section of the new MQXF quadrupole. (Right) Relative LHC beam sizes
around ATLAS interaction point, showing the e ect of the quadrupole focusing magnets.

Beam intensity

Another planned upgrade for the HL-LHC is the increase of the intensity of the beams,
i.e. the totla number of protons in each beam.

13
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As the beam is made of charged patrticles, it is in fact an electric current ow. Therefore,
the beam intensity translates into a circulating electric current (1), measured in Amperes.

The electric current is the rate at which the charge Q ows through a given surface
over a time t:
_ dQ

| = =<

dt

With Gproton =1:602 10 1°C and LHC beam parameters (Table 1.2) the charge of a full
LHC beam is:

(1.9)

2808 1:15 10 1:.602 10 ®*=5:17 10 °C (1.10)

As it circulates 11245 times per second:
5:17 10 ° 11245=058Cs ! =0:58A (1.112)

In fact, the actual beam intensity is measured by LHC operators from the beam current
through dedicated current transformers, see Figure 1.10.

T 3™
| s > B

’ beam

Figure 1.10: LHC Beam current transformer and physical mechanism (Ampére's law) [14]

The beam intensity in the HL-LHC will be almost twice that of the LHC, see Table
1.2. To reach this goal, extensive upgrades are needed in the LHC injector chain (SPS,
PS, LINAC and proton source).

The increase in beam intensity involves a growth of the energy stored in each beam
from 362 to 692MJ at 7 TeV (Table 1.2). This design energy is equivalent to the energy
of an Airbus A320 (66 ton) airplane travelling at 520km=h concentrated in the diameter
of a lead pencil.

The intensity of the beam has direct consequences on the collimation system, which
will be exposed to loads in operation proportionally increasing.

HL-LHC project planning

The rst HL-LHC upgrade, including part of the collimation system upgrade, will be
installed during the long shutdown 2 (LS2), starting in December 2019, see Figure 1.11.
The full upgrade is foreseen to be completed by 2026.
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Figure 1.11: Long term plan for LHC

Future plans

The trend towards higher energies is set to continue in future studies such as th&00km
long Future Circular Collider (FCC), which has a projected stored energy of 8.45J (Table
1.2).

In fact, after HL-LHC era, several projects to continue performing state-of-the-art physics
experiments have been proposed.

High Energy LHC  (HE-LHC) would require new and more powerful set of dipole
magnets, in order to be able to increase the energy while using the tunnel already built
for LHC (27km). The superconducting dipoles were the main budget item and a serious
technological challenge of the LHC. To illustrate what the challenge was, 1232 dipoles with
a cost of around 0.5 million CHF each were installed in the LHC in one year, see Figure
1.12. Annex A presents some of the technological details of the LHC dipole magnets.

Figure 1.12: The challenge of
lowering 1232 dipole magnets to
the LHC tunnel. Each dipole
weights 34 tonnes and is 18-
long. Technicians and engi-
neers worked days and nights,
carefully installing 20 magnets
a week between March 2005
and April 2006. Once they
have been lowered down through
a single specially constructed
shaft, they begin a slow progres-
sion to their nal destinations in
the LHC tunnel, taking about 10
hours to arrive at the furthest
point on the LHC ring.

During the current HL-LHC upgrade, 4 new dipole magnets with a novel supercon-
ducting material (NbsSn) will be installed for testing purposes. NbsSn is an intermetallic
material much more brittle than the current Nb-Ti metallic superconducting cables, re-
quiring a very complex production process to fabricate the coils (5 times more expensive),
but will allow to obtain higher magnetic eld in the magnets, see Table 1.2.
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Future Circular Collider (FCC) proposal, which is even more challenging, would
require a new tunnel, much larger than the LHC (100km), as well as all new accelerator
equipment. The tunnel would surround the Saléve mountain and would pass under the
Lake Geneva, see Figure 1.13. FCC operating conditions, shown in Table 1.2, will cause
even higher loads on accelerator equipment, particularly in the collimation system.

F
/. r\'\\//)
.

lm .

Schematic of an

4 80-100 km
¢ long tunnel

Figure 1.13: Schematic of the 100 km long tunnel for FCC proposal.

1.2 The collimation system

Collimation systems in particle accelerators are designed to absorb losses of highly ener-
getic particles safely and e ciently during beam operation. This is done by intercepting
stray particles in the absorber material of the collimator jaw; for this reason collimators
are part of the so-calledbeam intercepting devicegBID) family. Other advanced technolo-
gies are being investigated to substitute or complement current collimation systems in the
future, as described in Annex C.

A complex, multi-stage collimation system was designed to maximize robustness and
cleaning e ciency, see Figure 1.14. Several types of collimators exist, using di erent ab-
sorbing materials, at varying proximity to the beam. Primary collimators, the closest
to the beam, intercept the so-called primary halo particles, producing a shower of sec-
ondary particles and scattered protons which will eventually be absorbed by downstream
collimators.
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Figure 1.14: Schemmatic of the types and working principle of collimators

An important concept to understand the main functions of the collimators is the beam
halo.

Beam halo

The spatial distribution of particles in a typical LHC particle beam fairly ts a Gaussian
distribution, see Figure 1.15. The X-Y plane in this plot represents the cross-section of
the beam bunch, while Z axis would be its travelling direction. The halo particles are
typically de ned as those with amplitudes above three standard deviations @ rvs) of
the Gaussian distribution, and the beam core is formed by the particles positioned less
than 3 rus away from the mean position, see Figure 1.16. Therefore, for a perfect two-
dimensional Gaussian beam, the core accounts for 98.9% of the particle bunch and the
halo for the 1.1%.

Figure 1.15: Example of multivariate Gaussian distribution, shown along with the 3-sigma ellipse.

The beam size (rvs) depends on a number of factors, including the accelerator
con guration (injection, top energy before and after squeeze, collision) and varies along
the ring. It can be as small as 20Qum. The smallest collimator clearance at 7 TeV is
2.1mm, see Figure 1.16 [16]. For a LHC beam with gys =0.3mm, the beam core,
de ned as 3 rms, would be within a diameter of 1.8 mm.

17



1. Introduction
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Figure 1.16: (Left) Core and halo de nition for a particle beam with Gaussian transverse particle
distribution. The intensity is de ned as the number of particles (protons) [15]. (Right) Beam
clearance for the LHC beams as de ned by the primary collimator (vertical, horizontal and skew)
gaps [16].

The primary collimators are designed to receive the impact of part of the beam halo in
nominal operating conditions. In order to ensure optimum performance, the collimators'
jaws need to be movable. The clearance of each collimator is actively adjusted with
complex beam-based alignment procedures.

1.2.1 Functions of the collimators

The typical functions of collimator systems are [16]:

Cleaning of betatron and o-momentum beam halos: halo particles must be inter-
cepted and safely disposed of before they reach sensitive equipment, such as superconducting
magnets.

Passive machine protection: Collimators are the closest elements to the circulating beam
and are the protection system in various possible accidental scenarios due to loss of control
of the beam.

Cleaning of collision products: In colliders, this is achieved with dedicated movable
collimators located in the outgoing beam paths of each high-luminosity experiment, to catch
the products of collisions.

Concentration of radiation doses: in order to reduce radiation exposure personnel during
maintenance, it is preferred to localize beam losses in con ned and optimized 'hot' areas
rather than having a distribution of many activated regions along the machine.

Local protection of equipment for improved lifetime against radiation e ects:

The exposure of equipment to ionizing radiation might not pose immediate limitations to
the operation of a machine but its optimisation is crucial to ensure long-term reliability.
Beam halo scraping and halo diagnostics: Thanks to their robustness, the LHC primary
collimators can be e ciently used to scrape and shape the beams. Full beam scraping also
provides precise, though destructive, measurements of beam sizes.

Cleaning requirements

An ideal beam collimation would provide perfect cleaning, i.e., no beam losses would reach
sensitive equipment. In reality, the cleaning ine ciency ( ¢), can be introduced as the

18



1.2. The collimation system

relative fraction of beam that 'leaks' to other accelerator components As), compared
with what is intercepted and safely disposed of by the collimators Acq) [16]:

— Alost
Acol

(1.12)

One of the most important tasks of the collimation system, as explained above, is to

protect superconducting magnets. The magnet coils carry large currents, in the order
of 12 kA, thanks to their superconducting state. If this superconducting state is lost,
the coil becomes resistive and the large current suddenly produces an intense heating
by Joule e ect that could damage the coil. This is called a superconducting quench.
Safety systems are implemented to properly dispose of the electric current in case of
guenches, however, they imply other issues. The loss of magnetic eld produces undesirable
deviations of the beam trajectory, and the Joule heating can produce boiling of the liquid
helium bath. Quenches should therefore be avoided during operation with beams.
The superconducting magnets operating in the LHC at 7 TeV would quench if small
amount of heat, on the level of 5mWcm3, is generated inside the coils. This can be
induced by a continuous loss of 700 protons per meter and per LHC turn [17]. Equation
1.13 presents the quench limits in units of proton lost per unit length Rq) at 7 TeV [17].

Rg=78 1°p m?! s'=7 10p m ! tun ! (1.13)

By expressing the quench limits in the approximate formulation of eq. 1.12, one can
derive a speci cation for the local cleaning ine ciency as:

1
¢ 10000

=0:01% (1.14)

Therefore a cleaning e ciency better than 99.99% is required in the LHC collimation
system [16].

1.2.2 Design of LHC collimators

Collimators must ful | all the functions described in section 1.2.1. In order to do that, they
rely on di erent collimator absorber materials, depending on their function and loading
conditions.

The design of the LHC collimators relies on two movable girders, known as jaws, host-
ing the absorber material. The jaws have to maintain the required tight tolerances and
straightness, and they also include the cooling system for the absorber materials. The
absober material housings are typically made in Glidcof Al-15 alloy [18]. It consists in
a copper alloy strengthened with dispersed ne alumina particles, having thermal proper-
ties similar to copper, while, unlike copper, maintaining most of its mechanical properties
at high temperatures. Water cooling pipes are brazed with a silver-based alloy to this
structure at 800 C to ensure very good thermal conductance.

Figure 1.17a presents a 3D sectioned CAD model of a LHC secondary collimator with
Carbon Fibre-reinforced Carbon (CFC) absorbers. Figure 1.17b depicts the front view
of a collimator illustrating the beam size and gure 1.18 presents an actual collimator in
LHC tunnel. There are also collimators that clean the beam in other directions, such as
vertical or skew collimators, see Figure 1.16.
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Figure 1.17
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The LHC collimators were designed to withstand the highest possible loading condi-
tions, corresponding to an energy deposition in the order of 25 KW over several seconds
[19].

Figure 1.18: Installation of a collimator in a LHC injection line (23 June 2009).

1.2.3 Design of HL-LHC collimators

The HiLumi Upgrade (HL-LHC), in particular the increase in beam intensity, will com-
promise the correct operation of the collimators presently installed in the LHC, see section
1.1.4. Forthis reason, several units are being replaced by new and more performing devices.

The design of the new HL-LHC collimators is based on the successful design of LHC
collimators. Absorbers for the new primary and secondary collimators are made of com-
posite materials produced by hot-pressing techniques. Unlike CFC absorber blocks, which
were produced in the form of long bars (around 1.2 m), the new materials cannot be pro-
duced in such long pieces. The 1 m active jaws is made of 8 separate absorber blocks. Due
to the brittleness of ceramic composites, the blocks cannot be screwed to the GLIDCOP
AL-15 housing: a clamping system was therefore integrated [20].

In comparison with the present collimator design, the main di erences are [20]:
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1.2. The collimation system

The clamping force is now provided by screws instead of springs, with higher contact
pressure at the GLIDCOPR® /MoGr interface (18 bar vs. 3 bar).

A modi ed back-sti ener is increasing the rigidity of the jaw.

The brazing between cooling pipes and sti ener is no more foreseen, simplifying
manufacturing.

Stand-alone, taperings that can be made of MoGr are used to decrease the energy
absorption compared to the Cu ones.

Beam Position Monitors (BPM) are embedded, to speed up the alignment procedure
and improve the e ciency of the machine.

A number of thermal probes is added to the cooling circuit, to better monitor water
heating in case of abnormal operation.

Block
clamping
system

" i 3 s -+ | Absorber
= Cooling| | 43W blocks
; ;;:tlgn!; -_5£;|

Actuation | ez

| system b
(a) HL-LHC secondary collimator design (b) HL-LHC secondary collimator prototype

3D maps of the energy deposited in every location of the collimator were calculated for
every impact scenario, relying on the FLUKA Montecarlo code. With the energy deposi-
tion map, one can perform Finite Element Method (FEM) thermo-mechanical calculations
to understand how the device will behave, in order to validate or to modify the design
(Figure 1.20) [21].

The beam impact duration varies with the di erent scenarios, inducing di erent e ects
in the collimator. In fast accidental impacts (< 50s ), the heat di usion time within the
structure is signi cantly longer than the energy deposition duration. Accidental impacts
on the absorber material, such as the beam injection error [22], generate a rapid tempera-
ture increase which can induce dynamic stresses potentially harmful for the material core
and for the bulk/coating interface. [16, 23, 24].

The knowledge of the material properties and their temperature-dependence is needed

to perform the FEM simulations. For this reason, collimator absorber materials require
comprehensive characterisation campaigns.
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Figure 1.20: Example of collima-
tor design validation iteration.

1- The 3D map of energy depo-
sition is calculated with FLUKA
for a particular collimator design
and impact scenario. The FLUKA
map needs to be recalculated if
there are changes in the materials
or in the design. This map is the
input for the next step.

2- The FEM thermal calculation
performed with ANSYS software
identi es the maximum tempera-
ture reached at every point. This
requires good knowledge of the
material properties, the cooling
system conditions and the ther-
mal conductance between the dif- ity
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1.3 Materials for collimators

This section describes each of the individual requirements that materials must ful | to
be qualied as absorbers in collimators. At the end of the section, gures of merit are
introduced in order to facilitate the comparison of di erent materials.

1.3.1 Requirements of materials for collimators

The following set of parameters should be optimized in materials to be used in collimator

absorbers:

Maximize electrical conductivity

Maximize thermal conductivity

Minimize thermal expansion coe cient
Maximize melting/degradation temperature
Maximize speci ¢ heat

Maximize strength and strain to rupture
Minimize elastic modulus
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Select adequate density (stopping power)
Maximize radiation hardness

Minimize outgassing rate

Ensure industrial feasibility

Electrical conductivity

Each charged patrticle in a beam creates in its surroundings an electromagnetic (EM) eld
that will a ect other particles. When the beam passes in the vicinity of physical compo-
nents such as collimator jaws, those self-generated elds couple with the structure and give
rise to the so-calledbeam-coupling impedancewhich can be seen as the response function,
in the frequency domain, of the structure to a travelling point-like particle. In time domain

we rather speak about wake functions or potentials. One can usually distinguish two parts
in the beam-coupling impedance, that can be computed independently most of the time.
One part is due to geometric features around the beam, such as edges, tapering, or cavi-
ties. These create a contribution of two di erent kinds depending on the type of geometric
feature: smooth geometric features (such as jaw tapering) typically create a broad-band
impedance; cavity-like geometries can create some resonant peaks due to so-called trapped
modes which are typically waves re ected back and forth, giving rise to long-ranged wake
elds in time domain. Both contributions can be cured or at least attenuated (small angle
tapering in the rst case, lossy materials, such as ferrite, adequately placed in a cavity for
the second case). The second part of the beam-coupling impedance is due to the electrical
resistivity of the materials and to their distance from the beam. This part, when omitting

its perfectly conducting part, is usually called resistive-wall impedance[15, 25].

Collimators are the closest devices to the beam: in fact, they represent the main source
of beam-coupling impedance in the accelerator. Since their distance from the beam cannot
be increased, the only possibility to reduce their contribution to the total resistive-wall
impedance is to choose materials with the highest possible electrical conductivity.
Radio-frequency (RF) interactions between the beam and the surrounding materiaks are
typically con ned in a (relatively) thin material layer below its surface, called skin depth:
this is the region where high electrical conductivity is mostly needed. The skin depth
is inversely proportional to the square root of the EM frequency. The frequency of the
electromagnetic elds generated by the beam in the LHC are in the order of 1 GHz. It
is thus possible to apply a highly conductive thin-Im to the collimator jaw materials
to further reduce their resistive-wall impedance. However, thin- Im materials must be
selected carefully, as the same requirements of the substrate apply.

Thermal conductivity

High thermal conductivity is required to minimize temperature gradients, which may lead
to unacceptable thermal deformations and to limit temperature peaks which may cause
material degradation or excessive outgassing rates.

Thermal expansion

Low thermal expansion coe cients are required to limit thermal deformations and to
reduce the e ects of thermal shocks.
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Mechanical properties

High strength and strain to rupture are desired to prevent the failure of the component
under extreme loading conditions, including thermal shocks.

Industrial feasibility

The LHC collimation system is composed of hundreds of collimators. It is therefore re-
quired to ensure the feasibility of the industrial production process, at a reasonable cost.

Outgassing rate

The collimators jaws are placed in direct vicinity of the particle beam, which require
ultra-high vacuum (UHV) conditions (down to 10 °mbar) in order to avoid undesired
collisions between beam particles and gas molecules, so that the lifetime of the beam
at the available pumping speed does not fall below 100 hours [26]. This level of vac-
uum imposes that each collimator unit maintains a maximum outgassing rate of2

10 “"mbarls 1. For the collimator absorber materials, this translates in outgassing rates
lower than 10 ¥ mbarls cm 2 at room temperatures.

Radiation resistance

The term radiation hardnessrefers to a material or device that is able to withstand certain
dose of (ionizing) radiation without major degradation of its pristine properties.

Annex D describes in detail the dierent types of radiation and the mechanisms of ra-
diation damage. The di erent macroscopic radiation damage e ects include hardening,
changes in physical properties, swelling, release of elastic stress, increased corrosion rates,
radiolysis, phase transformations and thermal fatigue.

All the materials present in BIDs, including collimator absorber blocks, are intrinsically
subjected to radiation because of their proximity with high energy particle beams, with
the risk of su ering these radiation damage e ects. For this reason, they are required
to be radiation resistant, at least for the radiation type and doses that they will receive
during their design life.

Stopping power

Stopping power is de ned as the energy loss per unit of length of a particle while interacting
with matter. As the main function of the collimators is to dispose losses of particle beams,
the absorber blocks must possess su cient stopping power to do it within the length of
the collimation system installed: ensuring the required cleaning e ciency. However, too
high stopping power is not bene cial either, as the energy deposition per unit of volume
is increased proportionally leading to excessive temperature increase.

Particles and photons deposit energy in the materials while interacting with their
atoms. The mechanism in particle radiation is mainly due to the elastic interactions
described in annex D. Once the kicked nuclei stop moving in the lattice, the excess energy
is kept as vibration energy (thermal energy), producing a local temperature increase. With
high energy patrticle irradiation, this temperature can reach several thousands of degrees
around the a ected atoms, which is then dissipated macroscopically through the lattice
by thermal conduction mechanisms. These extremely high temperatures are often above
the melting or vaporization temperature of the material. The a ected atoms thus form
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nano-areas in uid state which then can reattach to the lattice once the temperature peak
is dissipated.

The amount of deposited energy per unit of volume mainly depends on the material
stopping power for the speci c radiation type and the irradiation energy. It is important
to note that is not possible to analytically calculate the stopping power of a material for
particle beams with TeV energies. This is because the beam is composed of billions of
energetic particles that produce many physical reactions such as displaced atoms, elastic
and inelastic interactions, showers of subatomic patrticles, etc, including physical processes
that are not deterministic. The sum of all these e ects in terms of deposited energy, can
be obtained using Monte Carlo simulation codes that model all the relevant interactions
(such as FLUKA), an example is presented in Figure 1.20.

The stopping power of materials can be benchmarked with thegeometrical radiation
length X g, see equation 1.15, where A is the atomic mass, Z is the atomic number and
is the density. This gives an indication of the penetration depth of the energetic particle.
The radiation length X gure is a characteristic of materials related to the energy loss
of high energy (charged) particles electromagnetically interacting with it. Besides, the
denser is the material, less free space there is between the atoms, therefore collisions with
particle radiation are more likely. Density thus plays a major role in the stopping power.

_ T84 A
Z(Z +1)|n§%79

The values of radiation length for several relevant materials are shown in table 1.4.

Xo

Xo Xg= —cm (1.15)

1.3.2 Figures of merit

To classify and rank potential collimator absorber materials against the large number of
requirements, it is useful to de ne gures of merit. They permit several material properties
related to the speci ¢ requirements to be condensed into a single indicator: the higher the
gure of merit, the better the performance [27].

However, one must be aware of the fact that these gures of merit rely on simpli ed,
constant, linearised, temperature-independent material properties and on approximations
of certain factors, such as the energy deposition or the e ect of the anisotropy. Hence, they
should be used only as indicative, comparative tools and not for quantitative assessment
of material or component performance.

The three most relevant gures of merit for materials for collimators are related to:

Thermomechanical robustness
Thermal stability
Radio-frequency impedance

Thermomechanical robustness index

The thermomechanical robustness index (TRI), is proposed to assess the material robust-
ness against rapid localised thermal deposition (particle beam impacts) [27]. Given that
thermal shock problems are, to a large extent, governed by the thermal deformation in-
duced by a sudden temperature change, it appears reasonable to base this index on the
ratio between material admissible strain (which for brittle materials one can take as the
strain to failure) ",qm and the actual strain.

The temperature increase Tq can be assumed to be equal to a reference quasi-
instantaneous energy depositiornyy, assumed to depend on the geometric radiation length

25



1. Introduction

Xg and the material density , divided by the speci ¢ heat ¢,. Ty, is the melting tempera-
ture, Ry is the failure strength, Cr an arbitrary scaling factor and m a coe cient related
to the material loss of strength with temperature increase.

& _ Cr
- (1.16)
o Xy
|
m
" T Ry G, X TmGoX m
TRl = -2dm  m 4 = M7 g m=2g 4 1.17
"ref Tq E(l ) C R CR ( )

The TRI is similar to the well known thermal shock resistancandex (TSR), but speci ¢
to beam impact scenarios, see equation 1.18, whekeis the thermal conductivity, Ry is
the strength to failure, is the Coe cient of Thermal Expansion (or CTE) and E is the
elastic modulus. However, note that in the TRI k is not relevant, as there is no time for
thermal conduction in the rapid beam impacts.

kRwm
E

TSR = (1.18)

Thermal stability index

The thermal stability index (TSI) gives an indication of the ability of the material to
maintain the geometrical stability under steady-state thermal loading (particle losses) [27].
This is particularly important for components such as collimators, which are required to
interact precisely with the halo of the beam, maintaining a tight longitudinal straightness
tolerance.

kX g

TSI =
Cs

(1.19)

Radio-frequency impedance index

The last index is the radio-frequency impedance (RFI) index [27], which relates to the
material contribution to the accelerator resistive-wall impedance , see section 1.3.1.
r
RFI = -2 (1.20)

r

where ¢ is the electrical conductivity and | the relative magnetic permeability.

1.3.3 State of the art of materials for collimators

As described in previous sections, the set of loads on collimator absorber blocks challenges
the selection of adequate materials. Primary and secondary collimators, the ones that
operate closer to the high energy particle beam, use graphite-based absorber materials.
Graphite features a unique set of properties that ts this application: low density, good
electrical and thermal properties, low thermal expansion, excellent thermal and chemical
stability, good thermal shock resistance, and decent mechanical properties. Depending
on the microstructure, its anisotropy complicates its engineering integration, but still, no
other element in the periodic table surpasses the convenience of the graphitic form of
carbon for the most loaded collimators.

In this section, the materials presently employed in LHC collimators and the materials
that are under consideration for the HL-LHC upgrade are introduced. At the end, the
Figures of Merit are used to benchmark the materials.
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Figure 1.21: Materials currently used in collimator absorber blocks: (left) CFC AC150K,
INERMET ® 180 cylinder (W-alloy), (top right) Graphite R4550 , GLIDCOP * Al-15 (Cu-alloy),
MoGr (bottom right).

Isotropic graphite

Several BID at CERN, like the beam dump, see annex A, use isotropic polycrystalline
graphite blocks, often called simplygraphite.

Arti cial graphite is made with carbon llers and binders. The typical ller is powder
of grounded natural graphite. The binders are usually forms of carbon pitch, extracted
from distillation of crude oil or coal. The two components are mixed together, and heated
above pitch softening point (around 200-300 C). Then the preforms are shaped with di er-
ent techniques; this forming step de nes the nal properties. Isostatic compaction results
in isotropic properties, while extrusion forming gives a preferred orientation to the grains,
leading to anisotropy. The compacts are then heat treated above carbonization temper-
ature (around 1000 C), which decomposes organic compounds of the pitch into carbon
by releasing volatiles through the pores. This process is made slowly, as the internal gas
pressure can crack the material.
The last production step is typically the graphitisation treatment. The piece is graphitised
at high temperature (2200 C, typically more than 2600 C) to transform the disordered
carbon into graphite. Nuclear grade graphite has a further puri cation thermal treatment
in chlorine atmosphere to remove impurities.

Isotropic graphite grades used at CERN are R4550 and R7550 from SGL (Germany).
Grade R4550 is a ne-grained isotropic nuclear graphite grade with an apparent density of
1:83g=cn?, so its volumetric porosity is around 19% Figure 1.22 shows Scanning Electron
Microscopy (SEM) observations of R4550 grade, with visible randomly oriented graphite
akes. The sample surface is milled and cleaned with sonication in ethanol. Note also
the porosity, with pore size up to 50 m . This material is characterised for comparison
purposes, see Section 5.2.
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Figure 1.22: SEM of graphite R4550 at di erent magni cations (milled + sonicéted surface).

Carbon- bre Carbon (CFC)

LHC primary and secondary collimators are made of Carbon bre-Carbon (CFC) absorber
material. CFC is a composite material entirely made out of carbon. It consist of a graphite
matrix reinforced with carbon bres, so it features the same extraordinary thermal and
chemical stabilities of graphite, but with improved mechanical properties thanks to the
bres. In gross, CFC is made as arti cial graphite with the inclusion of carbon bres.

The CFC grade AC150K was produced by Tatsuno Co., Ltd (Japan) with carbon -
bres roughly 5mm long randomly oriented in 2D stacked layers. Figure 1.23 shows the
SEM observation of the material in two perpendicular orientations. Note the randomly
oriented carbon bres in the in-plane surface, and the pore size of up t®200 m . This
material had a rolling production step and was heat treated at very high temperature
(2800 C) for graphitisation. This treatment is made to develop a high quality graphitic
structure, which enhances the thermal and electrical properties. Typical 2D CFC's have
transversely isotropic properties, but, due to the rolling process, AC150K grade has slightly
better properties in the rolling direction, thus having orthotropic properties di erent in
the 3 directions.

This material withstands beam impacts without signi cant permanent damage for the
worst LHC failure cases, such as impacts of a full injection batch o288 1:15 10 protons
at 450 GeV (Beam injection error) and of up to 8 bunches ofl:15 10 protons at 7 TeV
(Aysnchronous beam dump) [18].

(a) In-plane surface
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Metals and alloys

Metallic absorbers are used only in tertiary collimators. Tertiary collimators are further
away from the beam, complementing the work of primaries and secondaries. This thesis
is focused in the materials for the latter, so metals and alloys are not investigated. The
only metal having properties appealing for the st-stage collimators is beryllium [27]. Un-
fortunately, extensive use of this light metal is severely limited by its toxicity.

Tertiary absorber blocks are made of dense tungsten alloy (INERMET? 180) or Al ,03-
dispersion strengthened copper (GLIDCOF Al-15), in order to maximize stopping power.
At the same time, they do not have high beam impact robustness, so they can work only
after the primaries and secondaries have ltered out most of the particle losses.

Figure 1.25 shows the sample holder after beam irradiation, as part of an experiment
performed in 2012 at CERN HiRadMat facility [28]. In that experiment, named HRMT-14
[29], samples of di erent materials were impacted with 440 GeV proton beams of various
intensities to benchmark material reponse against simulations. The densest material used
at CERN in collimators, also tested in HRMT14 experiment, is INERMET * 180, with
a density of 18g=cn?, see Figure 1.24. It is composed 095wt% W, 3:5wt% Ni and
1:5wt%. The Cu-Ni matrix increases by a factor of 10 the strain to rupture (ductility),
from 0.2% in pure tungsten to around 2-3%. The W-grains are partially sintered, which
allows keeping high elastic modulus and strength. Relatively low intensity beam impacts
in INERMET ® 180 were enough for creating dcm diameter hole by extensive melting of

the Cu-Ni matrix.
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Figure 1.24: (Left) Microstructure of INERMET ® 180 by SEM backscattered electron detector:
bright grains are tungsten and dark areas are the Cu-Ni matrix [29]. (Right) Weight of a cylinder
of INERMET & 180 alloy with size; 40 30mm: 681 g.

Coated graphite-based materials

The graphite-based materials that were used in the LHC for many years have as main
limitation their low electrical conductivity. As explained in section 1.3.1, good electrical
conductivity is mostly needed at the surface of the absorber blocks. This would allow the
use of deposited thin- Ims with good electrical conductivity on top of isotropic graphite
or CFC. This option is under investigation, with four material candidates for the coating:
copper, molybdenum, titanium nitride ( TiN ) and titanium diboride ( TiB 7). The last two
are hard ceramic compounds, which are mainly used in the industry for protecting tools
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Figure 1.25: HRMT14 sample holder,
extracted from the containment tank
about two years after the experiment,
to allow radiation cooling-down.  The
samples were half-cylinders of ; 40mm
and 30mm height. From top to
bottom: INERMET ® 180, Molybde-
num, GLIDCOP ® Al-15, Molybdenum-
Copper-Diamond, Copper-Diamond,
and Molybdenum-Graphite (three early
grades). The densities are respectively: 18,
10.2, 8.9, 7.15, 5.25, 3.6-5.4=cn?. Note
that the beam was coming from the right
side of the picture; the shower of particles
and scattered protons produces more
damage in forward sections, up to certain
distance where damage starts decreasing
according to the stopping power of the
material.

against wear, but at the same time exhibit good values of electrical conductivity, see Table
1.3. Figure 1.26 shows TiN coating tests.

Table 1.3: Physical properties of the coatings

Cu Mo TiN TiB,
Deposition technique Sputtering Sputtering CVD (Ti + N3) Sputtering
Tn ( C) 1084.6 2623 2950 [30] 2980 [30]
(bulk) g=cn?®  8.89 10.22 5.4 [30] 4.52 [30]
e (bulk) cm 1.7 5 40 [30] 9.0 [30]
e (bulk) MS=m 58.8 20 2.5 [30] 11.1 [30]
e (coating) MS=m 4-16 2 0.2-0.6

Figure 1.26: Coating tests of TiN (5 m ) on (left) MoGr MG-6530Aa (10x15 mm), and (cen-
tre/right) glass (25x25 mm). Note how the substrate roughness de nes that of the coating; the
smooth surface of glass produces a perfect TiN mirror that allows to see the roof, while the sanding
scratches on MoGr are still visible on the coating.

In general, the presence of an interface between di erent materials is a weak point.
Adhesion tests have to be performed to assess the quality of the thin-Im. Grazing beam
impact tests have shown that the coating can locally peel-o due to the intense shock-wave
generated [31]. For this reason, a substrate having high electrical conductivity is preferred
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in order to maintain adequate performance in that scenario.

The deposition parameters play a big role in the nal properties of the coating, such
as electrical conductivity. The grain boundaries obstruct the conduction of electrons, so
small grains result in higher electrical resistivity. Impurities typically also increase the
resistivity. It has been found from coating tests done at CERN that the roughness of
graphite-based substrates a ects the way the grains grow in the Im, largely in uencing
the grain shape and the electrical properties. For these reasons the electrical properties of
the thin- Ims are typically worse than those of bulk materials. The experimental values of
electrical conductivity of Mo and TiB » coatings (7 and2 m -thick respectively) in table
1.3 correspond to tests performed at CERN coating laboratory. TiN coating & m -thick),
see Figure 1.26 was performed by DTI (Denmark).

e L ¢ ! ’
Figure 1.27: (Left) TCSPM collimator prototype before installation in the LHC. The jaw is made
of MoGr absorber blocks coated with a strip of Mo and another of TiN for testing purposes. (Right)
SEM observation of the surface of Mo Im (7 m ) deposited at CERN on MoGr MG-6403Fc.

Pyrolitic graphite (PG)

Other pure graphite-based materials such as forms oflighly Oriented Pyrolytic Graphite
(HOPG) and Pyrolytic Graphite (PG) have been considered for the upgrade.

PG is obtained by thermal cracking of a hydrocarbon gas on a heated substrate, fol-
lowed by a graphitisation process consisting of a very-high-temperature annealing [32].
The degree of crystalline alignment can be assessed by tmeosaic spread(MS) or c-axis
orientation dispersion , which is measured with di raction techniques [32, 33]. The term
HOPG refers to PG with a mosaic spread lower thanl that is obtained mainly by com-
pression annealing [32, 34]. HOPG with mosaic spread as low &2 can be achieved
by uniaxial compression along the c-axis (up to 50 MPa) at about3000 C [32]. The
most aligned HOPGs are used in X-ray and neutron monochromators in di ractometers.
Monochromators diract a range of wavelength which is narrower as their mosaic spread
diminishes, allowing to produce monochromatic beams.

Basal plane properties are extremely sensitive to structural defects. Accordingly, many
properties of HOPG are scarcely a ected by mosaic spreads variation in the range 0.2 to
5, whereas other properties di er markedly from sample to sample, even is specimens
with the same mosaic spread [34].

TPG (Thermal pyrolytic Graphite) is a commercial material, produced by Momentive
Performance Materials, Inc. (US). It is produced by CVD by decomposition of methane
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gas at high temperature. TPG is a form of PG, therefore it is not expected to be as
aligned as HOPG. However, the thermo-physical properties of TPG are very close to the
best known oriented graphites, while being much more a ordable. HOPG cost is in the
order of hundreds of Euro percm?, while TPG is close to 108=cm?®. As it is made by

CVD process, its cost increases with the thickness of the sample in the graphite c-direction.

TPG was characterised for benchmarking purposes, see section 5.1. The samples anal-
ysed had thicknesses in the c-direction up to 10 mm.

Figure 1.28: TPG samples. (Left) Samples instrumented for HRMT36 beam impact experiment
(247 7 5mm). (Right) Polished through-plane surface, 10 mm-high samples, horizontal basal
planes.

These materials have thermo-physical properties that exceed the requirements of colli-
mator absorbers in the direction parallel to the basal planes; however, their poor intrinsic
performance in the through-plane direction make them un t for the HL-LHC collimators.

Graphite-carbide composites: MoGr

None of the graphite-based materials currently employed in the primary and secondary
LHC collimators is predicted to ful | all the requirements posed by the more severe work-
ing conditions expected in the HL-LHC: in particular, numerical simulations indicate that
the limited electrical conductivity of graphite and CFC may induce electro-magnetic in-
stabilities in the particle beam [35]. The uncommon combination of properties required
may be potentially met by certain graphite-matrix composites, particularly those relying
on liquid phase(LP) sintering.

In this context, an R&D program to develop materials tting the requirements of HL-
LHC collimator absorbers started in 2012 [29]. A family of graphite-matrix composites
reinforced with molybdenum carbides (Molybdenum Carbide Graphite, MoGr ) was even-
tually co-developed by CERN and the Italian company Brevetti Bizz [36], partly within
the EUCARD, EUCARD-2 1 and ARIES? collaborations, with the goal of increasing the
electrical conductivity of collimator absorber materials, while maintaining or improving
the beam impact robustness of currently adopted CFC jaws [29, 37].

A beam-impact experiment, named HRMT-23 (July 2015), see Figure 1.29, demon-
strated the validity of the design of HL-LHC collimators with MoGr absorber blocks

 http://eucard2.web.cern.ch/
2http://aries.web.cern.ch/
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[20, 23, 38]. A collimator prototype using this novel composite material was manufac-
tured and installed in the LHC ring in 2017. The replacement of 8 secondary and 4
primary collimators with new units having MoGr absorbers is on-going in 2019. Besides,
3 spare collimators will be produced. Each new collimator requires 20 blocks precisely
machined, totalling 300 MoGr blocks.

h | I\ I i - =
Figure 1.29: The three collimator jaws and the vacuum tank of the HRMT23 experiment. The top
jaw is made of a single piece of CFC AC150K and GLIDCOF Al-15 taperings, the middle one

is made of MoGr blocks and taperings and the bottom one has copper-diamond blocks and MoGr
taperings.

1.3.4 Benchmarking of the state-of-the-art materials

Table 1.4 shows the comparison of the gures of merit for several materials currently used
at CERN in collimation systems. Stainless steel 316L is added for comparison purposes.
Metallic alloys having densities larger than7 g=cn?, such as GLIDCOP® Al-15 (Cu-alloy)
or INERMET ® 180 (W-alloy), have poor TRI and TSI, mainly due to their large stopping
power and large CTE. For these reasons they are not compatible with primary collimators.
On the contrary, they have high values of electrical conductivity, hence large RFI values.

CFC (AC150K) and graphite (R4550) have large values of TRI and TSI compared with
metals. The composite material MoGr that has been developed speci cally for collimators
has slightly worse TRI than CFC or graphite. The TSI of MoGr is comparable to that of
CFC. The biggest advantage of MoGr over the other two C-based commercial materials
is its larger electrical conductivity, which almost reaches that of stainless steel.
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Table 1.4: Figures of merit of several collimator materials. The relevant properties needed for their
calculation are also shown.

MoGr CFC AC150K R4550 GLIDCOP INERMET SS-316L
k ? k ? Isotr. Isotr. Isotr. Isotr.
[gcm 3] 252.6 1.89 1.86 8.75 17.94 7.95
Tm [ C] 2589 3650 3650 1083 1350 1400
c[Jg K 4 0.6 0.65 0.71 0.71 0.39 0.15 0.45
Z 6.6 6.8 6 6 28.96 67.66 255
A 13.513.8 12.01 12.01 63.62 166.67 54.7
e [MSm 1] 0.91.2 0.050.07 0.240.18 0.03 0.08 53.8 8.7 1.35
a[mm?s 1 430530 2837 174227 40 73 106 34 4
kwWm 'K 1] 650900 4565 233304 54 100 365 91 14
[10 6K 1] 1.72.7 812 -0.8 11 4.2 18.5 5.3 15
Rm [MPa] 60 80 1012 105140 10 60 375 (T) 683 (T) 515 (T)
E [GPa] 60 85 45 50 5 11.5 128 360 195
"adm [%0] 0.180.26 0.450.72 0.140.2 0.43 0.7 10 3 40
Xo [gcm 2] 3942 43.0 43.0 13.2 7.2 14.4
Xg [m] 1517 22.8 23.1 1.5 0.4 1.8
Ty [K] 2429 1.5 1.5 57.1 646 40.6
TRI 141 367 1362 3445 6.3 0.6 10.9
TSI 4373 47 23 0.9 0.1 0.1
RFI 0911 0.4 0.3 7.3 2.9 1.2

1.4 Motivations and objectives of this thesis

Although MoGr materials have been su ciently developed so far to meet the requirements

of the new primary and secondary collimators for the rst stage of the HL-LHC upgrade,
there is an interest to reach even better properties. In fact, future accelerators that are
expected to use particle beams with even higher energies and intensities, see section 1.1.4,
will require even more performing materials.

The main objective of the thesis is to better understand the structure, the roles of the
components and their in uence on the properties of MoGr composite materials. It also
aims at improving the understanding of the physical mechanisms at play in the production
of graphite-matrix materials, particularly during sintering in presence of liquid phase.

Chapter 2 describes all the physical mechanisms involved in the production of graphite-
matrix composites sintered in presence of liquid phase.

A correct understanding of these mechanism and e ects is crucial for improving the
performance of present and future composites. The most important properties of MoGr
that should be further improved are described below:

Electrical conductivity

Graphite is a semimetal with equal numbers of electrons and holes. Electrical transport
is caused by the di usive motion of those charge carriers. They are accelerated by the
applied electric eld, within a certain distance, the mean free path, and after experiencing

a collision with a scattering centre, are again accelerated by the electric eld, and so on.
The mean free path, a few interatomic distances for metals at room temperature (much
shorter than the sample dimensions), prevents a single electron to travel from one side of
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the sample to the other, as is the case for ballistic motion. The electrical conductivity e
(equations 1.21 and 1.22) is given by the sum of the partial conductivities of each group
of charge carriers [39].

e= QN =(q )=m l=v (1.21)

where q is the elementary charge {:602 10 °C), N is the charge carrier density, the
mobility (related to the relaxation time and the carrier e ective mass m ), | is the
carrier mean free path andv the velocity of the charge carriers [40]. The conductivity can
alternatively be written as:

o°N |
m v

e =

(1.22)

The carrier concentration at room temperature (RT) is Ne= Ny 1 10°°m 3 [41]
(3 10 ° per carbon atom [42]). Although the carrier concentration in graphite is so much
smaller than that in metals, the electrical conductivity is relatively not so low because ef-
fective masses of the carriers in graphite are small in comparison to other semi-metals, the
carriers being easily accelerated by an external electric eld [42]. Carrier mobilities are pre-
sumably limited by impurities and by structural disorder (corrugation of basal sheets) [41].

The RT basal plane electrical conductivity in perfect graphite crystals is limited by
acoustic phonon scattering. Real specimens contain also static lattice defects, which pro-
duce carrier scattering and reduce the mobility. The carrier mobility increases with de-
creasing temperature due to the freezing of phonons, both in metals and in graphite.
However, carrier densities in metals are large and temperature insensitive, opposite to
semimetallic graphite, where the carrier density (which depends on thermal activation)
decreases at low temperatures. Besides, because of the very small values, carrier densi-
ties in graphite are also very sensitive to defects [39]. The mean free path of carriers in
graphite, which is the distance between two scattering centres, may be directly related to
the size of large scale defects (boundary scattering) [40].

The electronic properties of ideal graphite are actually not well known simply because
defect-free graphite samples do not exist [43]. However, the typical resistivity value for
high quality graphite crystalsis ¢ 40 cm (e 25MSm 1) [41, 44, 45]. On the
other hand, ideal graphene shows higher values due to the absence of interactions between
basal planes, see Table 1.5. In fact, TPG (see section 1.3) has been measured by the
author and found having an electrical conductivity of 2.4MSm !, see section 5.1.

Table 1.5: Electrical properties of graphite and single-layer graphene (thicknes®:33553nm), see
equation 1.21. Graphene experimental results are limited by the (phonon) interactions with the
substrate and by the impurities [45].

Carrier mobility Carrier density n Conductivity

[cm?V s 1] em 2 cm 3 MSm 1!
Graphite, HOPG (298 K) [46] 11740 - 1.3510% 2.54
Graphite, HOPG (77.4 K) [46] 63450 - 425108 4.3
Graphite, HOPG (4.2 K) [46] 1076000 - 2.36108 40.6
Graphene on SiQ (298 K) [45] 10000 10?2 3101° 4.8
Graphene on SiQ (77 K) [45] 10200 1102 310% 4.9
Suspended graphene (5 K) [47] 230000 w1l 596108 22.0
Graphene theoretical limit (RT) [45] 200000 1102 3101 100
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It is important to note that the proximity of the RT mobility values for graphene and
bulk graphite is a coincidence. Removing impurity scattering in graphene will greatly
increase the low-temperature mobility as well as the RT mobility [45]. The fact that the
mobilities in graphene coincide at RT and 77 K is proving that static defect scattering is
the limiting factor.

Because of this, the Residual Resistivity Ratio (RRR) is often used to characterise the
purity of a conductor material. The RRR is the ratio between resistivities at RT and and
at OK; the value RRR = 208k = eu:2x IS Often used for practical reasons. As stated
above, metals with no defects will have as limiting factor the phonon-carrier scattering,
which tends to zero with decreasing temperatures. Therefore they possess high RRR. In
metals for which widespread defects are the limiting factor, the RRR tends to unity, since
this type of carrier scattering is temperature-independent. In graphite, the dependence is
somehow more complex, because the carrier density slightly decreases with temperature,
but the RRR is still a very good indirect method to quantify lattice defects. The very
high quality HOPG presented in Table 1.5 shows RRR=16.

In fact, the graphite crystallite size can be estimated from the low temperature mo-
bility, assuming that the crystallite boundaries are the main static defects. Graphite
specimens presented in table 1.5 have basal crystallite size of 5 m (average carrier
velocity of 2 10°ms ! and e ective mass of 0.04ng were assumed) [46]. This is unusually
large for HOPG, but in accordance with the annealing treatment (3300 C), and the
c-axis mosaic spread (0.2-0.3 measured with XRD.

Kish graphite shows even larger values of RRR, up to 106 [48]. This type of graphite is
obtained by recrystallization from iron-carbon melts, having large lattice perfection but
some metal impurities. Hishiyama and Kaburagi studied the electrical resistivity of three
kish graphite specimens between 1.28 and 300 K. They reported RRR values of 16.7,
56 and 106 (e300« : 0.407, 0.390 and 0.386 cm), which correspond to conductivities at
4.2K of 41.0, 143.4 and 274.81Sm ! respectively [48]. The two best specimens were kish
akes not machined to prevent introductions of defects, while the one with RRR=16.7 was
previously cut to facilitate the 4-wire electrical measurement.

Up to date, the highest electrical conductivity experimentally measured in graphite at
RT is 2.5-2.6MSm 1, shown above. This corresponds to the most probable limit that the
graphite matrix could reach in the best conditions. It is a factor  2:5 larger than MoGr
[37]. This leaves room for improvement in MoGr materials.

Thermal conductivity

Heat may be carried in solids either by the charge carriers or by lattice waves, the phonons.
In pure metals it is mainly carried by the charge carriers. In graphite, owing to the small
density of charge carriers, associated with strong covalent bonds and light lattice atoms,
heat at RT is almost exclusively carried by the phonons [39, 49]. The large spacing in
the c-crystallographic direction and the weak binding forces between basal planes lead
to an almost two-dimensional character of the phonon dispersion curves. The thermal
conductivity k in the basal plane of a single crystal is larger by a factor of 300, than in the
c-axis direction. Null et al. studied the thermal conductivity between 300 and 2700K and
the mosaic spread (MS) of several pyrolytic graphites [50]. The results are shown in table
1.6. Note that despite the di erent levels of crystallite misalignment in the treated PG's,

k does not change much (experimental error 5%). However, the crystallite conductivity

is larger in the PG annealed at higher temperature, as shown by the larger macroscopic

36



1.4. Motivations and objectives of this thesis

values even with larger misalignment.

Table 1.6: Density, mosaic spread (MS), thermal di usivity (a) and conductivity ( k) of PG and
HOPG at 300K [50].

Material MS[] & ke a ks
PG, as-deposited at2200 C 219 45 194 306 15 24
PG annealed above3200 C 2.25 5 1135 1840 3.8 6.2

HOPG, stress-annealed abov8000 C 2.25 04 954 1840 5.4 8.7
ingem 3, ain mm?s TandkinWm K !

At room temperature, the highest predicted conductivity for graphite and graphene,
for natural occurring carbon and for the isotopically pure case, are shown in table 1.7.
Imperfections such as point defects (vacancies, substitutional and interstitial impurities,
etc.) and boundaries (grain boundaries, porosity, specimen surfaces) produce phonon
scattering and they are responsible for not reaching experimentally the ideal values of
Table 1.7.

Fugallo et al. showed that the crystalline-domain size in a polycrystalline sample
corresponds to theextrinsic scattering length (named L) for the heat carriers [51]. For
grains without defects in their atomic lattice, the crystalline-domain size corresponds to
the grain size (a more detailed explanation is presented in section 3.5.1). Their study also
shows the longest mean free path of the heat carrierd (yir ), see Table 1.7. IfL > L gt ,
the intrinsic thermal conductivity reaches its thermodynamic limit. In other words, bigger
crystalline-domain sizes thanL g do not improve the thermal conductivity.

Table 1.7: Highest theoretical limit, at 300 K , of the lattice conductivity of graphite and graphene
(Wm K 1). Longest mean free path of the heat carrierd gt [51]

Graphite (k) Graphite (?) Bilayer graphene Single layer graphene

1.1%C 2000 6.6 2200 3600
0%13C 2200 6.6 2500 4300
Lar [M]  10-100 1-10 10-100 100-1000

Although in metals, electrical and thermal conductivities are both governed by elec-
tron conduction, in graphite it is not the case. Therefore, it is in theory possible to tune
them independently. For instance, the isotope concentration does not alter the electronic
transport [51], but greatly a ects the phonon conduction (see Table 1.7) due to the pres-
ence of di erent masses that vibrate in the same lattice. Nevertheless, it has been shown
above that electrical conductivity is very much a ected by phonon scattering, so the two
properties are in practice related to each other.

Another factor to take into account is the anisotropy of the graphite crystals. A mate-
rial with very aligned graphite grains is desirable if the maximum possible conductivity is
required only in two directions. However, if isotropic properties are required, the graphite
grains must be randomly oriented, which, using Table 1.7 values, would result in a theo-
retical maximum of:

2 K¢+ ko 2 2000+6:6
3 - 3
This would require a fully compact body made of randomly oriented graphite grains,

=1340Wm K 1 (1.23)

Kav =
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big enough and defect-free to reach the conductivity limit. This is probably not realisable,
because graphite only forms strong bonds at the edges of its basal planes. Furthermore,
even if the bonds could be perfect, the ratio between in-plane and through-plane conduc-
tivities inside the crystallites can limit the macroscopic transport [52].

In any case, those gures show that graphite-matrix composites such as MoGr could,
in the best conditions, be improved by a factor of two or more in terms of thermal con-
ductivity, depending on the acceptable anisotropy level. The graphite matrix in MoGr
represents more than 95 voks, so the presence of other components can be neglected for
this rough estimation.

Mechanical properties

Highly oriented and pure graphites, such as TPG material, in spite of the very strong
atomic bond within graphite basal planes, possess mediocre in-plane mechanical proper-
ties. This is probably caused by delamination of the basal planes by shear stresses. The
basal planes are kept together only by van der Waals forces, hence the strength in the
through-plane direction is expected to be negligible.

However, MoGr composites show, with respect to TPG, a factor 2-3 improvement in
the in-plane strength thanks to the presence of carbides within the graphite matrix [37].
Still, high-quality CFCs exhibit slightly larger overall strength to rupture thanks to their
carbon bre reinforcement. Besides, those CFCs have non-negligible porosity content
( 15vol%), much larger than MoGr. These facts demonstrate that the strength limit in
MoGr composites has not been reached yet, and there is room for optimisation.

Most of the typical loads in beam intercepting devices are governed by thermally-
induced deformations. Therefore, the strain to rupture of the absorber material is to
some extent more relevant than the strength to rupture. The former property has to be
maximized in this application.

Vacuum compatibility

Certain MoGr grades have shown limited ultra-high vacuum compatibility because of air
outgassing rates above the speci cation for the LHC. To date, it seems that the presence
of open porosity helps to have the required UHV compatibility [26]. However, porosity is
detrimental for mechanical, thermal and electrical properties.

Production cost

MoGr is a material relatively expensive to produce, as it has to be manufactured by
a hot-pressing technique at more than2600 C, see Section 4.4. This is of paramount
importance in case mass production is required. Smaller production costs may also imply
better production control, because the complexity and duration of the process is reduced.

Other industrial applications

MoGr properties are very appealing also for applications beyond particle physics, such as
thermal management in demanding environments as aerospace. However, some properties
are overkill for most industrial applications, such as the melting temperature or the UHV
compatibility. Other applications might require more isotropic properties or could tolerate
denser composites. The detailed knowledge of the production process is fundamental for
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an e ective tailoring process.

Knowledge transfer is an important mission of CERN as an international organisation.
The member states encourage CERN knowledge transfer activities, see Appendix B, as
it returns the nancial investment in the form of new technologies to the industries and
eventually to the society. Most of the technological developments for physics applications
nd uses in the industry, in laboratories or in commercial devices. The materials for
collimators are, due to their particular combination of properties, certainly appealing for
other applications.
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2 Liquid phase sintering of graphite-
matrix composites

This chapter describes the physical mechanisms involved in the production of graphite-
matrix composites sintered in the presence of liquid phase (LP). The roles of the ller
particles during production of the composites are described, the most important being the
ability to dissolve carbon in liquid state. The practical application of these mechanisms
in the LP production process is discussed. A survey is presented to select the optimal
carbon solvent for producing successful composites. At the end, a summary is provided.

2.1 Physical mechanisms

2.1.1 Graphitisation

At pressures lower than 2 GPa, graphite is the most thermodynamically stable solid form
of carbon, see carbon phase diagram (Figure 2.1).

Graphitisation is de ned as the process in which carbon transforms into graphite, for
thermodinamical reasons, see Figure 2.2. The distance between basal planes in graphite
is an indicator of its graphitisation level. The ideal graphite crystalline structure exhibits

an interplanar spacing doo, of 3:3553A (c = 6:7106A) [53]. Defects such as intercalated
foreign atoms or corrugation of basal planes (turbostratic structure) enlargedpg2. The
higher the graphite quality, the smaller the dog2. dgo2 Smaller than 3:3553A are not
thermodynamically stable.
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Figure 2.1: Phase diagram of carbon. From [54].
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Figure 2.2: Graphitisation: conversion from disordered carbon to the ideal graphite crystal [55].

The graphitisation process occurs thanks to the high mobility of defects within the
graphitic structure at high temperatures. This e ect progressively brings the lattice closer
to the ideal one.

Graphitisation is a temperature-dependent process which begins at temperatures close
to 2300K at ambient pressure. The strongest temperature-dependent structural changes
by the graphitisation process occur at around 255K , the so-called graphitisation thresh-
old which is the minimal heat treatment temperature for the development of true graphitic
ordering [56]. For practical reasons, highly graphitised commercial products typically re-
ceive thermal treatments at temperatures above 300& to ensure the e cient development
of the graphitic structure [57].

2.1.2 Catalytic graphitisation

By adding selected catalysts, graphitisation can occur at lower temperatures, with sig-
ni cantly shorter durations. Catalytic graphitisation does so by modifying the energetic
pathways of graphitisation.

The rst written words about the production of arti cial graphite by catalytic graphi-
tisation were registered in the end of the 18 century [58]. G.E. Acheson (U.S.A.) invented
an oven to produce graphite, and he registered several patents. The oven was designed to
withstand very high temperatures, enough for decomposing sand (Sig) and other com-
pounds. In the centre of the oven he put a mixture of coke powder with several additions
and a graphite rod crossing all the mixture. The rod was connected to an electric gen-
erator and the current through it produced heat by resistive loses. Initially he produced
what he named carborundum , of which the pure formula was according to him SiC,
silicide of carbon or carbide of silicon. He tested several mixtures and in the last patents
he started to mention the e ect of catalytic additions and the catalytic graphitisation. His
idea was to add metallic compounds (such as iron, silicon, titanium, aluminium, boron or
compounds thereof) to the mixture, which volatilize at high temperatures and permeate
the mass of carbon. He found the best e ect adding iron oxide to amorphous carbon ob-
tained from the distillation of petroleum-oil. The iron was rst reduced to metallic state
by the e ect of the temperature and it either held in the cavities and interstices of the
carbon mass or it dropped to the bottom of the furnace; after that, he reported that with
temperature rising it was volatilized converting the amorphous carbon in to graphite

Reactions known to give rise to highly crystalline graphite at temperatures far below
that of thermal recrystallization (graphitisation) involve the liberation of individual carbon
atoms [59].

Catalytic graphitisation occurs by dissolution of individual carbon atoms, eventually
connecting bewteen them to form solid graphite. This continuous dynamic dissolution-
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precipitation process dissolves the most disordered and hence most reactive carbon struc-
tures such as amorphous regions or edges of basal planes and precipitates fresh
graphite that grows and bonds together the initial graphite crystallites [55, 60 62]. The
most perfect graphite structures are thermodynamically the less prone to be dissolved,
therefore the high-quality precipitated graphite can continue growing.

The di usion rate of carbon inside the catalyst is expected to play an important role
in the dynamics of this process. Baraniecki et al. reported that the rapid transport of
carbon atoms through liquid Fe or Fe-Si is responsible for the accelerated graphitisation
[62].

Disordered carbon

Figure 2.3: Schematic of a molten carbide particle forming graphite from disordered carbon (cat-
alytic graphitisation). Metal (M), carbon (C). [55].

2.1.3 Diusion of carbon atoms

Di usion is de ned as the transfer of mass within a speci ¢ solid, liquid or gas, or between
two phases in di erent states of matter.
In solids, two di usion mechanisms are proposed:

Vacancy di usion: It involves the interchange of an atom from a speci c lattice
position to an adjacent vacant lattice site. In general, it is called self-di usion, as
the own atoms of the lattice crystal are the ones moving.

Grain boundaries (GB) are two dimensional defects between grains having di erent
crystallographic orientations. There, the atoms are bonded less regularly and con-
sequently they are in a higher energy state than atoms in at interior positions, see
Figure 2.4. In these areas di usion and precipitation processes are more likely to
occur.

Thermodinamic principles explain that all crystalline solids contain vacancies; in
essence, the presence of vacancies increases the entropy of the crystal. The equilib-
rium number of vacancies for a given quantity of material isN, = Nexp( Qy=ksT),
where N is the total number of atomic sites, Qy is the energy required for the va-
cancy formation, T is the absolute temperature andkg is the Boltzmann's constant
(8:62 10 ®eV atom 'K lor1:38 10 2Jatom 'K 1). For example, in copper
N is 8.42 10?3 atoms/cm?, and the vacancy formation energy is 0.9 eV/atom, result-
ing in 28.7 million vacancies per cm at room temperature [63]. However, in graphite
(1.13 10% atoms/cm?®), Qy is 7.3 eV/atom [64], resulting in virtually zero vacancies
at RT. Only above 1900 C defects become su ciently mobile and graphite starts to
have more than 1 million vacancies per cri. Figure 2.5 shows the comparison of the
vacancies in these two solids.

Insterstitial di usion: It involves impurity atoms migrating from an interstitial
position to a neighbouring one that is empty, see Figure 2.6. This mechanism is found
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2. Liquid phase sintering of graphite-matrix composites

for di usion of impurities with smaller atomic radius compared to the host lattice.
In most metals the typical interstitial impurities are hydrogen, carbon, nitrogen and
oxygen. This type of di usion occurs much more rapidly than vacancy di usion, due
to the more mobile nature of the small atoms. [63].

:@o¢¢¢¢¢+¢¢§+§v+;

Figure 2.4: VlsuaII|zat|on of how grain boundarles are a source for vacancy di usion (emmiting
and absorbing vacancies). [65]
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Figure 2.5: Comparison of the number of vacancies per unit of volume.
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Figure 2.6: Schematic of the interstitial di usion, showing the di erence between distance covered
(di usion length) and the path length. [65]

Di usion is a time-dependent process. The diusion ux J is de ned as the massM

di using through and perpendicular to a unit cross-sectional areaA of solid per unit of
time. 1 dM

= —— 2.1

A dt (2.1)

One common case of steady-state di usion is between two zones with di erent constant
concentrations C, where D is the di usion coe cient with units m?=s.

dC

J= Dy 2.2)
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Temperature has a large in uence inD, increasing the di usion rate with increasing tem-
perature, see equation 2.3, wher® g is a temperature-independent pre-exponential factor
(m?=s), Qq is the activation energy for di usion ( J=mol or eV =aton), kg the Boltzmann
constant and T the absolute temperature.

Qq

D = Doexp ke T (2.3)
Table 2.1: Comparison of di usion coe cients. In bold, di usion in liquid media.

Diusing  Host D Di using . D
species medium e [cm?s 1] species Host medium T C] [cm?s 1]
Fe -Fe 900 1:8 10 1 H3O* H,O 20 93 10 °
Fe -Fe 900 1:1 10 %3 K* H20 20 20 10 °
C -Fe 900 1.7 106 Na* H,O 20 1.3 10 °
C -Fe 900 59 108 OH H,0 20 53 10 S
Cu Cu 500 4:2 10 1° Cl H,O 20 2.0 10 °
Al Al 500 4:2 10 10 Si Fe pure 1550 3:0 10 °
Cu Al 500 4:1 10 10 Si C-saturated Fe 1550 2:5 10 °
Ti Al 900 50 10 ° S Fe pure 1550 4.5 10 °
\Y Al 900 2:0 10 ° S C-saturated Fe 1550 3:5 10 °
Co Al 900 37 10 ° Fe 2.5%C-Fe 1550 1:3 10 4
Fe Al 900 51 10 ° C 2.1-3.5%C-Fe 1550 6:0 10 °
Ni Al 900 80 10 ° C 0.5-1.5%C-Fe 1550 3:4 10 *
Glucose HO 20 6:8 10 © Ni  C-saturated Fe 1550 3:1 10 °
Sucrose  HO 20 52 10 ¢ Ti C-saturated Fe 1550 55 10 °
6 5

Sucrose HO 45 92 10 Mn C-saturated Fe 1550 3:9 10

Melting temperatures: Al 660 C, Fe pure 1536 C, eutectic Fe-C 1153 C. All data of diusion in
H,O is at in nite dilution. References: in solid metals [63], in molten Al [66], in molten Fe [67], and
carbohydrates [68] and ions [69] in H,O.

Table 2.1 shows an overview of howD varies in di erent solids or liquids, depending
on the di used species and the host mediums, at di erent temperatures. Figure 2.8 shows
the same but speci cally for carbon on di erent solids. In a liquid, the atoms of molecules
do not have su cient kinetic energy to separate completely between them (like in gaseous
state), yet they can move independently and they do not form a crystalline lattice. In this
high mobility medium, di usion coe cients D are at least 5 orders of magnitude larger
than in solids.

Thermal agitation of atoms and molecules result in Brownian motion of particles in
solution. Brownian motion! or pedesis (from ancient Greek: & jumping) is the
random movement of particles inside a uid as they constantly collide with their molecules
or atoms. Albert Einstein, in 1905, brought the solution of the problem to the attention
of physicists, presenting this motion as the result of the atoms and molecules constituting
matter colliding with the pollen molecules. Jean Perrin veri ed experimentally the theory
in 1908.

The Brownian motion is observed in particles smaller than 1 m immersed in liquids,
with decreasing amplitude as particles become larger. The Brownian movement is respon-
sible of the stability of colloidal solutions (particles between 1 nm - 100 nm), because it

1This motion is named after the botanist Robert Brown, in 1827, observed how certain pollen particles
moved in water in a random fashion, executing a jittery motion.
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2. Liquid phase sintering of graphite-matrix composites

does not permit the particles to settle. This motion is independent of the nature of the
colloid but depends on the size of particles and the viscosity of the solution. The smaller
the particle size and the lower the viscosity, the faster the motion.

Brownian motion can be adopted also for modelling di usion in solid media, such as
interstitial di usion, as illustrated in Figure 2.6.

If the solution is in equilibrium, the random motion results in zero net movement
(no mass transport). However, when concentration gradients exist, the Brownian mo-
tion results in the net movement of the solute (di usion) towards the region with lower
concentration.

The mean squared displacement (net movement, or di usion length) of species ex-
periencing Brownian motion is expressed in terms of the time elapsed and the di usion
coe cient, see equation 2.4 [70]. From this expression Einstein argued that the displace-
ment of a Brownian particle is not proportional to the elapsed time, but rather to its

square root. o
x2 = 2Dt (2.4)

Figure 2.7 represents the di usion times of di erent combinations of D and X. Table
2.2 gathers also the data of the cases =50 m andt =1 min.

A reasonable distance between non-sintered graphite particles in the green body would
be in the order of 50 m. Note that the D required to di use those 50 m in reasonable
times (few seconds) is in the order of 1.0 ®cm?s 1. These values ofD are observed in
the cases of di usion in liquid media.
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Figure 2.7: Diusion time t for dierent D, each line represents a constant di usion lengthx.
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Table 2.2: Comparison of the di usion length X and di usion time t for di erent D

D t for X for
cm?s 1 m2s ! X=50 m t =1 min
1103 1107 125 s 3.5 mm
1104 1108 0.13 s 1.1 mm
110°%5 110° 1.25 s 0.3 mm
110 6 110 10 125 s 0.1 mm
110 7 110 1 2.1 min 35 m
110 8 110 12 20.8 min 11 m
110° 110 13 35 h 35 m
110 10 110 4 1.4 days 1.1 m
110 1t 110 ¥ 14.5 days 0.3 m
110 12 110 16 145 days 0.1m
110 18 110 V7 4 years 35 nm
110 4 110 8 40 years 11 nm
110 ¥ 110 ®° 402 years 3.5 nm
110 16 110 % 4019 years 1.1 nm

T T T T T T T T T T T T T T T T T

10-12 : . . .

I I I I I T
500 1000 1500 2000 2500 [°C]
Figure 2.8: Di usion coe cients of carbon in di erent metals and carbides, in solid state. Refer-
ences: metals [71], SiC [72], Cr-carbides [73], M@ and TiC [30].

2.1.4 Dissolution of carbon atoms

Catalytic graphitisation is based in the dissolution-precipitation mechanism. Therefore,
the catalyst has to dissolve enough carbon atoms to sustain the process.

It was shown above that higher di usion rates should be bene cial for the dissolution-
precipitation, making liquid catalysts more appealing than solids. White and Ponte-
landolfo observed indeed better results when the catalyst were molten [74], see section 2.2.
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For these reasons, the processing conditions analysed below are those of the liquid phase.
Several elements are surveyed in section 2.3. Figures 2.9 and 2.10 depict the di erent
solubilities of carbon in the liquid phases of these elements.
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Figure 2.9: Carbon solubility in 100% liquid phase of several elements. (*)In systems without
eutectic reaction, peritectic-liquid composition is used; for complete description of the liquid phase
in equilibrium with excess carbon see Section 2.3.6.
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Figure 2.10: Liquid phase temperature of several elements in equilibrium with carbon (100%

liquid).

The interaction of molten Ag-Sn alloys with graphite was studied in reference [75] up
to 1200 C. It was shown by XRD and SEM-EDS that no dissolution of carbon or chemical
reaction takes place in the system. Conversely, in another study, amorphous carbon Ims
deposited on cobalt polycristalline foils converted into graphite at temperatures as low as
800 C [76]. Jackson [77] showed that carbon bres completely dissolve and recrystallize in
a nickel matrix at 1100 C (4-days treatment). At 1000 C (same duration) the recrystal-
lization was partial. This comparison of studies between Ag-Sn, Co and Ni demonstrates
that the dissociation of carbon from the graphite lattice followed by dissolution in the
solvent medium is not only dependent on thermally activated reactions. It is thus reason-
able to assume that the electronic structure (reactivity with carbon) and the interatomic
distances of the host atoms are the main actors in the process.
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2.1.5 Wetting of graphite

The dissolution-precipitation mechanism requires intimate contact between the LP and
the solid graphite particles.

Vapour
Liquid
B,

Solid

Figure 2.11: Sessile drop technique. The macroscopic contact angle of a liquid drop on a solid
surface depends on solid and liquid surface energies.

The strength of the contact between di erent liquids and graphite can be assessed with
sessile drop tests (Figure 2.11) [78, 79]. The theoretical description of this type of contact
arises from the consideration of a thermodynamic equilibrium between the three phases
involved: the liquid phaselL, the solid phaseS, and the gas or vapour phase/. The latter
can be a mixture of ambient atmosphere and an equilibrium concentration of the liquid
vapour. The cases in which two immiscible liquids and a solid phase coexist are treated
equally. The equilibrium contact angle vy is determined by the Young equation:

sv sL wcosy=0 (2.5)

with gy the solid-vapour interfacial energy, s, the solid-liquid interfacial energy, and
Lv the liquid-vapour interfacial energy (i.e. the surface tension). Contact angles of
vy > 90 are considered non-wetting, see Figure 2.11. The best wetting occurs when
vy =0 , indicating that the liquid completely spreads over the solid.

Wetting by liquid metals at high temperatures is determined by the chemical inter-
action of the metal and the solid surface. However, the intensity of chemical reaction at
high temperatures depends more on the nature of the reacting atoms than on the lattice
structure [80]. The excellent wetting and spreadability of molten metals (materials with
high surface energy) relative to various solid bodies is due to the formation at the inter-
face of bonds, the energy of which is comparable with the liquid phase surface energy and
which can only be achieved via interatomic chemical forces [81].

It is worth noting that the general behaviour of graphite and diamond during wetting
is generally similar, as indicated by the similarity of their heats of combustion (385.5
and 387.3kJmole !, respectively), related to the lattice bond energy [80]. However,
the di erent crystallographic faces of graphite or diamond crystallites possess dissimilar
surface energies.

It is well known that the unsatis ed bonds on edges of basal planes result in much
more active surfaces than basal planes themselves [61]. The basal plane surface energy
of graphite is only 63mJ m 2; graphene has shown similar valuesglmJ m 3) [82]. For
comparison, polytetra uoroethylene (PTFE) polymer (Te on ®) has one of the lowest val-
ues with 19mJ m 2 [83], while metals have surface energies in the order @00mJ m 2
[84]. Graphite edge (through-plane) surfaces produce stronger bonding than the van der
Waals interactions expected for interfacial basal planes [85]. For this reason, polycrys-
talline graphite has local di erences in the wetting properties. Besides, atomic density
is an importan factor in uencing surface energy, for example, between vitreous carbon
( =1:5gcm 3) and pseudomonocrystalline graphite ( = 2:26gcm 3), the latter shows
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smaller contact angles [85].

In the wetting studies of metal melts on graphite, three groups are considered [85]:

Non-reactive elements: those in which the maximum solubility of carbon is lower
than 1 ppm (such as Cu).

Elements that form stable carbides (such as Si or Ti).

Metals dissolving large amounts of carbon without forming stable carbides (such as
Ni).

Non-reactive elements

Non-transition metals and other elements, which do not form stable compounds with
carbon, cannot be expected to wet the surface of graphite and diamond. These conclusions
were con rmed by experimental results: the metals Cu, Ag, Au, Ge, Sn, In, Sb, and Pb do
not wet diamond [80]. Other studies performed on graphite con rm the same behaviour,
see table 2.3.

Carbide-forming elements

Graphite may be expected to be wetted by those metals which intensively react chemically
with carbon.

Strong bonds of a metal-like character are formed with carbon by most transition
metals (elements with a defect in the d- or f- electron shells). Relatively strong compounds
with > 50% ionic bond component are formed with carbon by the most electropositive
elements, found in Groups I, Il and Il to the left of the Periodic table. They form generaly
transparent and insulator carbides, with high melting point, although they are decomposed
by water at ordinary temperatures. Some contain ¢ ions such as A}Cs or Be,C, others
contain C,2 ions (corresponding to carbonsp hybridization with triple bond, [C  CJ? )
such as CaG. Carbides having C* ions release methane when hydrolized (methanides),
while those having G? vyield acetylene (acetylides). Elements such as Si and B have
similar electronegativity and atomic size than C, therefore they form carbides with strong
covalent bonds [86].

It may be expected that transition elements, as well as strongly electropositive met-
als and other elements forming strong covalent bonds with carbon, will show intensive
adhesion and wetting [80].

It was proposed that the formation of Al4C3 at the triple line could be controlled by
the rupture of C-C covalent bonds at the substrate surface. This process will be strongly
a ected by atomic defects in carbon, which are much more numerous in vitreous carbon
than in monocrystalline graphite or pyrocarbon [85].

Pure Cr and Ti react with C to form carbides that are metallic conductors. It has
been found that molten Cr in argon atmosphere wets well both graphite (y = 40 ) and
vitreous carbon ( y = 35 ). Similar results have been obtained at 1740C in Ar using
pure Ti for which the angles were 60 on polycrystalline graphite and 50 on vitreous
carbon [85].

Elements forming stable carbides typically produce a solid carbide layer between the
graphite and the liquid, and this layer may be a di usion barrier for carbon. This would
impede catalytic graphitisation from progressing, however, this does not occur if the car-
bide is molten [87].
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2.1. Physical mechanisms

Non-carbide forming but wetting transition metals

The ferrous metals Fe, Ni, Co, etc. dissolve relatively large amounts of carbon, but do
not form stable carbides (F&C, Ni3C, etc. are metastable). It is interesting to note that
these elements do wet graphite well. The resultant wetting behaviour is very complex and
not yet understood [85]. The transition metals Ru, Rh, Pd, Re, Os, Ir, Pt and Au also
dissolve carbon and do not form stable carbides (see Table 2.4). Cu, Ag and Au, all part
of Group Xl transition metals (defect of one electron in the d- sub-shell), belong to the
rst wetting group (carbon non-reacting elements) because they have shown non-wetting
behaviour in the studies. However, as an exception, the solubility of C in liquid Au at its
melting point is signi cant (4.7 at%) [88].

The high degree of wetting of graphite by nickel is attributable to the dissolution of
carbon in liquid nickel under the action of the di erence in the chemical potentials of
carbon in the solid and liquid phases [89].

The equilibrium of these system is reached when the carbon concentration in the liquid
reaches the solubility limit. In a non-equilibrium contact system, wetting is much more
e ective than in an equilibrium system [89, 90]. This e ect is shown in the contact angles of
carbon-saturated molten metals, in Table 2.3. The e ect of carbon on the surface tension
of nickel can be neglected (carbon on nickel does not act as a surface-active element)
[89, 90]. Therefore, the e ect of carbon additions to the liquid in the contact angle is
attributed to an increasing liquid-solid interface energy [90].

Modi cation of behaviour in non-reactive systems

The wetting behaviour of non-reactive elements can be improved by alloying with carbide-
forming elements such as Al, Si, Ti, V and Cr [85].

Carbide-forming elements are adsorbed out of the melt at the graphite interface and
form there a layer of an intermediate carbide phase, which sharply increases the degree of
wetting of graphite by the alloy [85, 91]. These elements, if dissolved in inert elements,
also form the carbide layer, improving the wetting with respect to the inert element alone.

In some cases, metals of the second wetting group such as Ni, have also shown wetting
improvements in non-reacting elements. For example, a substantialy decrease from 117
to 100 was observed at 285C for small Pb crystallites on graphite, by adding 0.5 at.% Ni
to Pb. Ni carbide (Ni3C) is not stable and the solubility of C in Pb-Ni alloys is expected to
be extremely low. The e ects of Ni on the wetting behaviour were due to strong adsorption
of Ni at the Pb-graphite interface [85].
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2. Liquid phase sintering of graphite-matrix composites

Table 2.3: Contact angles of molten metals and alloys on graphite [79].
T[Cl ~I[] ~*[] (*) Other conditions:

Cu 1100 140 0 1150C 10%Ti in Cu
18 1250 C 5%Cr in Cu
53 1200 C 5%V in Cu
71 1200 C 5%Nb in Cu
140 1300C 5%Niin Cu
138 1300C 5%Co in Cu

Ag 980 136

Ge 1100 148

Sn 900 156 5  1150C 3%Tiin Sn
1150 150 [87]

In 800 142

Sb 900 140

Bi 800 136

Pb 800 138

Al 800 157
1200 38

Si 1450 0

Fe 1550 50 107 1550C C-sat. Fe
1425 60 [87]

Ni 1550 57 115 1550C C-sat. Ni
1425 60 [87]

Co 1550 68 120 1550C C-sat. Co
1425 82 [87]

Pd 1560 48 118 1550C C-sat. Pd

Mo 2625 53
2730 48 [61]

C-sat.= carbon-saturated
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2.2. Practical application

2.2 Practical application

In the industry, components made of materials such as technical ceramics, cermets and
refractory metals are typically produced by powder sintering techniques, in particular hot-
pressing in solid state. The absence of liquid phase facilitates the process, as there is no
molten material that can escape the pressed volume. The tools used for the solid-state
hot-pressing can be readily reused. In sintered metals, the use of temperatures close to
the recrystallisation point (normally 1=3 of the melting temperature in pure metals) is
more convenient than reaching the melting temperature. The grain growth can also be
minimized using short sintering times (often less than 1 minute), producing strong metallic
bodies.

Nonetheless, the type of materials investigated in this research (graphite-matrix com-
posites) and the advantages provided by the liquid phase led to the adoption of liquid
phase sintering for the production of the materials.

Liquid phase sintering provides an alternative densi cation route especially useful for
systems where solid state sintering is di cult or requires very high temperatures. The
liquid phase is produced by reaching the melting temperature of at least one of the initial
components, or by exceeding the solidus temperature of the phases formed during the
process. The liquid phase can ow between the solid particles, in Itrating the inter-particle
pores and enhancing densi cation [92]. For optimum densi cation, the liquid should wet
the solid, and the latter should have low solubility for the elements present in the liquid
phase. This last condition is needed to prevent the complete dissolution of the liquid phase
inside the solid. Graphite exhibits negligible solubility for most metals, except in some
cases such as lithium, which ts between basal planes, formingntercalation compounds

Normally there is a signi cant increase in density upon solidi cation of the liquid
phase. This e ect may distort the body or produce aws such as pores or cracks in the
matrix, therefore the liquid and solid phases must be carefully chosen.

One of the rst published attempts at producing metal (carbide) graphite composites
sintered with metals in liquid form was that by Humenik and colleagues [90, 93], targeting
use in electrical brushes for motors. The green bodies containing Fe, Co, Ni, Cu, Ag or
Al were pressed at RT at more than 340 MPa and then were pressure-less sintered up to
1371 C. They found that using metals or alloys with v < 90 did not produce metal loss
due to sweating.

Graphitic materials produced by hot-working with a dispersed liquid carbide phase (termed
HWLC) were rstly investigated by White and Pontelandolfo in 1966 [74, 94] for the pur-
pose of developing graphite-based materials with improved properties for high-temperature
nuclear and aerospace applications. They investigated bodies containg Mo or Zr. In the
same years, Harada prepared a technical report for NASA where similar composite ma-
terials were described [95]. The elements investigated in this report include Nb, Hf, Mo,
Zr, Ti, Ta, Be, B, Th and U, hot-worked with graphite up to 3000 C, so most of them
produced LP. The highest exural strengths were obtained for Nb and Mo composites
(50 wt% metal), with 111 and 99 MPa respectively, resulting in densities of 3.38 and
2:96gcm 3. The observed strengthening e ect with the HWLC method was in sharp
contrast with bodies hot worked in similar conditions but without the carbide additives
[96], and to bodies including the carbide phase but hot worked at temperature below
the carbide melting point [74]. The strengthening e ect of the carbide inclusions was
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2. Liquid phase sintering of graphite-matrix composites

also demonstrated in [97], in comparison with bodies without the inclusions hot-worked
in the same conditions 700 C). R.B. Matthews [60] presented a very comprehensive
study of the HWLC materials, comparing di erent additions, treatments and studying
the strengthening mechanism in detail, especially the interactions between molten molyb-
denum carbide and carbon [61]. It was shown that besides high densi cation through void
in ltration, the LP induces catalytic graphitisation helping to improve the graphite matrix.

In metal carbide - graphite compounds, the liquid phase is constituted by the molten
catalyst that, by dissolving carbon atoms, forms a fully liquid mix of catalyst and carbon.
As explained above, the the catalyst also serves as a di usion medium for carbon atoms,
so catalysing graphitisation. The process is faster if the solubility limit and the di usion
coe cient are increased. The di usion coe cients of carbon in di erent liquid phases are
probably comparable, however the solubility limits are quite di erent, see section 2.3.6.
The most important requirement for a catalyst is thus to be a goodcarbon solvent when
liquid.

Even if the graphite precursors are already crystalline and of high quality, catalytic
graphitisation is fundamental for the nal properties of the composites. The graphite par-
ticles from the initial powder need to be sintered together to form a solid matrix. Carbon
atoms must be in a state of high mobility to form strong bonds between grains. This is
accomplished by the aforementioned dissolution-precipitation mechanism, see Figure 2.12.

Figure 2.12: Schematic of the dissolution-precipitation mechanism bonding two graphite crystal-
lites. The molten catalyst is represented by the green atoms.

While the catalytic graphitisation process is in general favoured by higher temperatures
and longer sintering times, an optimal particle size of the catalyst and of the carbon-based
precursors, as well as their homogeneous distribution, are necessary to reach a satisfactory
nal material structure. The use of very ne catalyst particles is believed to be bene cial
for the process, because for the same volume, larger graphite surface area can be catalysed.
Besides, the amount of LP has to be su cient to completely Il the voids between the
graphite particles inside the green body.

2.3 Carbon solvent selection

In order to rank the candidate carbon-solvent elements, the following parameters must be
assessed:

Minimum liquid phase temperature
Volumetric carbon-solvent e ciency
Volumetric e ciency in carbon precipitation

Cost and solidi ed product functionality
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2.3. Carbon solvent selection

These are described underneath.

2.3.1 Minimum liquid phase temperature

The catalyst, or carbon-solvent, is normally solid at room temperature. In order to enhance
the dissolution-precipitation mechanism, it must reach the liquid state.

The minimum liquid phase temperature of candidate solvents represents, as the name
says, the threshold of solid to liquid phase change for the solvent, while being in equilibrium
with excess solid carbon.

In general, the minimum liquid phase temperature corresponds to theeutectic
point including solid carbon (graphite) in the equilibrium reaction L $ X (solid) +
C(solid), see the example (Mo-C) in Figure 2.14. In those cases, the composition of
the liquid phase is that of the eutectic point described above.

In systems without eutectic reaction, peritectic temperature is considered instead.
The composition of the liquid phase is that of the peritectic liquid (100% liquid),
see the example (Si-C) in Figure 2.15.

It is important to clarify that the melting point of the metal does not necessarily match
the LP temperature; in fact, for the analysed systems, it never does so, see Table 2.4. The
composites are typically made with excess of carbon (graphite). For example, a mix of
powders could correspond to an overall composition of 10at% of pure metal and balance
of graphite. Upon heating, this mixture will tend to the equilibrium by di usion of car-
bon into the metal. In particular, for the Mo-C system (Fig. 2.14), Mo metal melts at
2619 C, but with 17at.%C it forms an eutectic at 2200 C, with 42at.%C it would be solid
( -MoC; x) up to 2600 C and when being in equilibrium with excess carbon it forms
an eutectic at 2584 C. However, if the formation of the carbides occurs at a temperature
below the rst eutectic, and enough C is able to di use into the metal to complete the
reaction, the particles will not experience the rst eutectic reaction (2200 C). This is ac-
tually the case, as Mo and C (graphite) fully react between 800 and 1000C [98].

In the Si-C system (Fig.2.15), pure Si melts at 1414 C, but if enough C di uses to reach
Sis0Cs0, SiC is formed and no liquid appears below 2830C.

The LP temperature parameter has signi cant importance in the production cost, as
reaching higher temperatures involves more expensive equipment and higher energy con-
sumption. The LP temperature cannot be too low either, as the nal solid products of
the composite could melt while in operation in collimators.

In fact, beam impacts reproducing HL-LHC accidental cases on MoGr and CFC col-
limators were experimentally tested in HRMT23 experiment and analysed by Carra [23],
notably the beam injection error. During the experiment, maximum temperatures of
1025 C in MoGr ( = 2:5gcm 3) and 475 C in CFC ( = 1:9gcm 2) were reached,
which give an idea of the minimum acceptable limits for the melting point of the ller
particles in the composites.

2.3.2 Volumetric carbon-solvent e ciency

This parameter measures the maximum volume of carbon which can be dissolved in a
volume unit of the solvent. For example, a 7% volumetric e ciency’ means that Icm?® of
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2. Liquid phase sintering of graphite-matrix composites

this element can ideally dissolve 0.76m? of solid carbon at the liquid phase temperature.

vol: dissolved carbon

vol:% carbonsolvent efficiency =100 —
vol: liquid pure solvent

(2.6)

The information needed is obtained from the available phase diagrams between the
solvent element and carbon.
To calculate the vol.% e ciency, the following assumptions are made:

The composition corresponds to the minimum liquid phase temperature, described
above (LP composition is temperature-dependent).

To convert the information from the phase diagrams, typically expressed in at.%
or wt.% units, the densities of solid elements are used. Liquid density data is not
available for some of the elements. As the density of metals in molten state is
typically lower than in solid state, the vol. % e ciencies shown are approximate.

The e ciencies are calculated considering the dissolution-precipitation of fully dense
graphite. The density of graphite single crystal2:265g cm ° [53] is used for graphite.
If carbon structures with lower density are dissolved instead, the volumetric carbon-
solvent e ciency would be higher.

This parameter is of signi cant importance for the sintering process employed in the
production. Graphite powder in excess (i.e.>90vol:%) is used in the mixture, therefore
only a very small part of the graphite powder surface is in contact with the catalyst. The
volume of carbon that the catalyst is able to dissolve has to be thus maximized.

2.3.3 Volumetric e ciency in carbon precipitation

Another parameter could also play a role in the production process, named/olumetric
e ciency in carbon precipitation . This is the volume of carbon which can be precipitated
after cooling down per volume of catalyst. It is worth mentioning that not all surveyed
C-solvents precipitate graphite. The precipitation occurs when the solution becomes su-
persaturated, meaning that it contains more solute than in the saturated conditions. This
typically occurs due to a change in solubility limit.

vol: precipitated carbon at RT
vol: dissolved carbon at LP temp:

vol:% efficiency carbon precip: = 100 (2.7)

There are substantial di erences between systems with eutectic and peritectic reac-
tions. In order to compare those type of reactions, an example of two hypothetical sys-
tems, with the same LP temperature and same LP composition is presented in Figure
2.13 and equation 2.8. In the eutectic system, the eutectic point is E. In the peritectic
system, P is the peritectic point and P _ the peritectic liquid. Both E and P [ are
100% liquid, therefore they are considered to be the LP.

The exercise starts for both systems with an overall composition of 90 at.% C and
10 at% of the catalyst element (dashed vertical line). The relative phase amount® are
determined for four di erent temperatures: T; is much above minimum LP temperature,
T, just above, T3 just below and T4 much below. The results of the relative amounts of the
phases present at equilibrium are calculated with the lever rule and presented in equation
2.8.
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L+Gr |
T, " L0
Tz : T,
30 T g |T=
Carb. + Gr. L + Carb. | Gr. + Carb.
28 ‘ T, 38 8 ¥ Ty
0 @ 100
C » (at%) O C » (at%)
Figure 2.13: (Left) Eutectic system. (Right) Peritectic system.
Eutectic system P eritectic system
Ti: W = 19328 =0:182 (459%€) W = 19329 = 0:182 (45%C)
To: WL = 10359 = 0:167 (40%C) WL = 10559 = 0:167 (40%C)
Wer. =0:818 + #0:015 = 0:833 Wg, =0:818 + #0:015=0:833  (2.8)
Ts: Weab: = 19329 =0:143 (30%C)  Wearh: = o029 = 0:200 (50%C)
Wer. =0:833 + #0:024 = 0:857 Wg,, =0:833 " 0:033 = 0:800
Ta: Weab: = 35333 =0:139 (28%C) Woearh: = 19525 = 0:200 (50%C)

Wg. =0:857 + #0:004 = 0:861

Wgr. =0:800

The conclusions of this exercise are:

The liquidus lines of both systems show increasing C-content with increasing tem-
perature. This produces precipitation of carbon during cooling down (from Ty to
T»), and the opposite (carbon dissolution) during heating up.

The solidi cation of the eutectic liquid precipitates graphite, while the solidi cation
of the peritectic liquid absorbs graphite (from T, to T3).

The carbide which shows a decreasing solubility line (in this example, in the eutectic
system), produces further precipitation of carbon in solid state (from T3 to Ty).

On the other hand, the carbide vertical solvus line in the peritectic system, implies
no precipitation nor absorption of carbon (from T3 to Ty).

The systems absorbing graphite during cooling down, due to the formation of carbides
with larger C-content than the liquid phase (such as in the peritectic reaction shown above)
are assumed to have zero volumetric e ciency in precipitating carbon.

In reality, limited di usion coe cients and short cooling down times produce further
di erences between eutectic and peritectic solidi cation. For an eutectic solidi cation,
L ! + , both solid phases form directly from the liquid; that is, locally L !
and L ! Thus, the necessary solute redistribution occurs in the liquid ahead of
the individual interfaces [99]. On the other hand, the peritectic reaction, L + ! ,
requires the complete disappearance of the phase (graphite), a process that involves
solute di usion in two solid phases at the peritectic temperature. The kinetics are therefore
quite di erent for eutectic and peritectic reactions because of the extremely di erent rates
of di usion in liquids and substitutional/interstitial solids [99].
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2. Liquid phase sintering of graphite-matrix composites

If one assumes the extreme case, where no di usion occurs in the solid upon cooling,
solidi cation merely switches from the freezing of the high temperature phasel( ! ) to
freezing of the low temperature phasel( ! ) at the peritectic temperature and below.
Then, the phase (carbide) usually surrounds the phase (graphite) in the microstructure
[99].

2.3.4 Cost and solidi ed product functionality

The amount of metal that is used to produce the composites is typically less than 10 vol%
and the rest is relatively inexpensive graphite powder. In fact, the cost of the raw materi-
als is small compared with the sintering and manual labour operations. Still, the powders
have some impact in the nal cost, specially if mass production is envisaged. For this
reason, metals with very high cost, such as noble metals should be avoided.

Another important element is that the chosen catalyst remains in the composite, either
as pure element or as carbide. As explained in section 1.3.3, the solidi ed metal or carbide
particles serve as reinforcement in the composite, improving its properties. They must
help meeting the requirements and not being a weak point in the composite.

For example, calcium carbide reacts with water or moisture at room temperature pro-

ducing acetylene gas and calcium hydroxide (Cag+2H,0! C,H»>+Ca(OH) »). Because of

this, it was used to produce a ame as source of light in lamps for mines and early auto-
mobiles. The reactivity of CaC, is obviously not desirable in graphite-matrix composites,

which can be exposed to moisture from air.

2.3.5 Examples of relevant phase diagrams

The Mo-C, Si-C, Fe-C and Cr-C phase diagrams are shown in Figures 2.14, 2.15, 2.16
and 2.17 respectively. Mo-C and Cr-C diagrams are directly related to the investigated
materials, while Si-C and Fe-C are shown to illustrate the di erent types of metal-carbon
systems.
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Figure 2.14: Phase diagram of the molybdenum-carbon system [100]. At least two eutectic reactions
L(liquid) $ A(solid) + B(solid) exist: MogzC;7 (2200 C) and Mos5Cy5 (2584 C). The latter is
in equilibrium with solid carbon (graphite), thus it is the one of interest for this survey.
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Figure 2.15: Phase diagram of the
silicon-carbon system at 1 bar total pres-
sure [101]. This system does not have
eutectic reactions, however there is one
peritectic reaction L (liquid )+ A(solid) $

B (solid) at Si5oCso (2830 C) indicated
by the blue square. It involves solid car-
bon (graphite) in the equilibrium. The
green circle is the peritectic liquid at
Sig7C13 (2830 C), whose composition is
used for this survey.
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Figure 2.16: Phase diagram of the iron-carbon system [102]. There is one eutectic reaction (LP) at
Feg.9C17:1 (1153 C), in equilibrium with solid C (stable system). With excess carbon, if cementite
is formed (metastable system), its composition presents larger C-content (Fg Cys, Fe3C) than the
LP. However if cementite is not formed, the LP moves to lower C-content (Fgo.04Cg:06, then to
Fegs:88C3:12, and then to even less C in -Fe), precipitating carbon.
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Figure 2.17: Phase diagram of the = 2%
chromium-carbon system [103]. There

is one peritectic reaction at CrzpCyg
(1811 C), in equilibrium with solid C. The
peritectic liquid (100% liquid) has CrgzCs7;
during cool down, it forms Cr3C, and
the liquid moves to the eutectic reaction
L(CI’67;4C32;6)$ Cr;C3+Cr 3C,, which is
not in equilibrium with solid C. However,
with excess carbon, only CgC, is formed
from the LP, solidifying completely at
1811 C.
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2.3. Carbon solvent selection

The carbon precipitation, taking into account excess-carbon composition, in the sys-
tems presented above is as follows:

In Fe-C system, if cementite (Fe&C) is not formed, the LP precipitates carbon
(Feg2:9C17:1 ! Feon:94Co:.06) When solidifying. Austenite ( -Fe) is formed and shows
a decreasing solubility line, so it also precipitates carbon in solid state during cooling
down, see Figure 2.16. On the other hand, if cementite is formed, carbon is absorbed
during solidi cation.

In Mo-C system, the LP solidi cation precipitates carbon (Mos5Css5 ! Mo057C43).
Carbon is also precipitated in solid state, as -MoC; x and the rest of carbides show
a decreasing solubility lines, see Figure 2.14.

In Si-C system (peritectic reaction), carbon is absorbed to form the carbide when
the liquid phase solidi es, see Figure 2.15. The LP solidi es into Si+SiC, but with
excess carbon composition and unimpeded carbon di usion, the system would move
to the SiC+C zone.

In Cr-C system (peritectic reaction), carbon is absorbed to form the carbide when
the liquid phase solidi es, see Figure 2.17. However, the di erence in carbon content
between the LP and the carbide is much smaller than in Si-C system. The LP
solidi es into Cr 7C3+Cr 3C», but with excess carbon composition and unimpeded
carbon di usion, the system would move to the CrzC,+C zone.

In Mo-C system, the undoped molybdenum carbides, formed upon solidi cation of the
eutectic mixture, experience three changes of phase until complete cool-down at RT, as
shown in the Mo-C binary diagram (Figure 2.14).

The occurrence of solid phase changes in carbides is believed to be detrimental for col-
limator materials, since, during beam impact scenarios, temperatures may locally exceed
1000 C: if changes of phase occur, the carbide speci ¢ volume would also vary, leading to
internal stresses and potentially voids or cracks. Additionally, the presence of strongly sta-
bilised phases usually improves the radiation resistance by preventing those phase changes.

Small additions of elements with a nity for carbon higher than molybdenum, such as
hafnium and boron, stabilize the FCC -MoC; x carbide [104]. Theface centred cubic
(FCC) -MoC; x phase is normally not stable under1960 C (Figure 2.14). In the course
of this study, we have found that the e ect of small quantities of titanium in MoGr, around
one titanium atom every 10 molybdenum atoms, seems su cient to turn all molybdenum
carbide into the FCC phase ( -MoC1 ), over the full range of temperatures of interest
[37].

2.3.6 Carbon solvent survey

Table 2.4 presents the information of all the candidate C-solvents, obtained from their
respective binary phase diagrams with carbon [102]. Some phase diagrams were not avail-
able, such as those of alkali metals. Other elements such as Cu, Zn, Ge, Ag, Sn, Pb or Bi
have negligible solubility of carbon in molten state, so they are not considered.

Figure 2.18 shows the comparison of all candidate C-solvents, in terms of minimum
liquid phase temperature and volumetric C-solvent e ciency.

Figure 2.19 shows the comparison of all candidate C-solvents, in terms of minimum
liquid phase temperature and volumetric e ciency in carbon precipitation.
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Table 2.4: Results of the survey.
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5 B 2075 2390 29.3 32.2 47.5 39.7 18.9 48+ C
12 Mg 650 2625 27.0 123 140 00 00 Mg+ MgC
13 Al 660 2235 28.0 17.1 20.6 0.0 0.0 Al + AlC3
14 Si 1410 2830 13.0 6.2 6.6 0.0 0.0 Si + SiC
20 Ca 842 2100 75.0 38.1 61.5 33.3 20.5 CaEC
21 Sc 1541 1722 62.0 36.5 57.4 22.4 12.8 18689+ C
22 Ti 1668 2740 65.0 48.1 92.6 50.3 46.6 TiC + C
23 V 1902 2605 50.6 394 65.1 9.9 6.4 VC + C
24 Cr 1857 1811 37.0 29.9 42.7 0.0 0.0 &3+Cr3C»
25 Mn 1244 1330 26.5 20.6 26.0 0.0 0.0 Mn carbides
26 Fe 1535 1153 17.1 13.3 15.4 0.0 0.0 Fe +{f&
27 Co 1500 1320 11.0 9.0 9.9 100.0 9.9 Co+C
28 Ni 1455 1325 86 7.0 7.6 100.0 7.6 Ni + C
39 Y 1526 2290 73.0 41.9 72.0 26.0 18.8 ¥G C
40 Zr 1881 2927 67.6 44.1 78.9 52.1 41.1 Zrc + C
41 Nb 2477 3290 60.9 43.2 76.1 35.8 27.2 NbC + C
42 Mo 2623 2584 45.0 31.6 46.2 38.9 17.9 MO+ C
44 Ru 2334 1942 140 95 10.6 100.0 10.6 Ru + C
45 Rh 1963 1694 16.0 10.9 12.2 100.0 12.2 Rh + C
46 Pd 1555 1504 19.0 12.3 14.0 100.0 14.0 Pd + C
57 La 920 2250 68.5 33.8 51.0 8.0 4.1 LaG C
58 Ce 798 2246 69.5 36.6 57.6 0.0 0.0 CeCeCg
5 Pr 931 2254 71.0 37.9 61.1 18.3 11.2 PsG C
60 Nd 1024 2275 69.0 36.4 57.3 0.0 0.0 Ng€NdCg
63 Eu 826 2100 68.5 284 39.8 0.0 0.0 EW€EUC ¢
64 Gd 1312 2315 68.0 36.1 56.6 0.0 0.0 GgaadCg
72 Hf 2233 3173 68.0 45.6 83.9 52.9 44.4 HfC + C
73 Ta 3017 3445 61.0 43.3 76.2 36.1 27.5 TaC + C
74 W 3422 2774 43.0 295 41.8 0.0 0.0 W + WC
75 Re 3186 2500 17.0 10.9 12.2 100.0 12.2 Re + C
76 Os 3050 2732 125 8.2 9.0 100.0 9.0 Os+C
77 Ir 2466 2296 20.8 14.0 16.3 100.0 16.3 Ir+ C
78 Pt 1772 1705 16.8 10.5 11.8 100.0 11.8 Pt+ C
79 Au 1064 1041 4.7 25 2.6 100.0 2.6 Au + C
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Figure 2.18: Carbon solvent e ciency versus (minimum) liquid phase temperature.
3500 + T -
o te] ' [ |
v L
O 3000 _ _ = )
"a—_l’ Mo| ® ‘
3 2500 T ! !
B
g
o
g 1500
=
o b
2 1000
=
-
500
0.0 50 10.0 15.0 200 250 300 350 40.0 450 50.0

Efficiency in precipitating Carbon (vol.%)

Figure 2.19: E ciency in carbon precipitation versus (minimum) liquid phase temperature

The elements with minimum LP temperature lower than 2000 C are: Sc, Cr, Mn, Fe,
Co, Ni, Ru, Rh, Pd, Pt and Au. For cost reasons noble metals and Scandium are dis-
carded. Table 2.5 presents their prices per gram (powders and market prices), including
molybdenum for comparison purposes. For cost reasons, only Cr, Mn, Fe, Co, and Ni
remain eligible. The C-solvent e ciency is from highest to lowest: Cr, Mn, Fe, Co and Ni.

The e ciency in carbon precipitation is from highest to lowest: Co and Ni. Cr, Mn,
and Fe do not precipitate carbon. Both Co and Ni do not form stable carbides during
slow cooling down of the LP, resulting in the metallic element plus carbon. In these cases,
the amount of precipitated carbon is the same as the amount of dissolved carbon.

Between Co and Ni, the latter was chosen and tested in [106] with the goal of devel-
oping a new material similar to MoGr for applications other than high energy physics.
NiGr2 composite features an IP thermal conductivity of 368 Wm K 1, an electrical
conductivity of 0.71 MS m 1, and a coe cient of thermal expansion of 1.810 6K 1!
(20-200 C); all properties at 20 C. The metallographic observations revealed signs of the
dissolution-precipitation mechanism actually taking place at 1400 C and 1800 C.
Its thermal conductivity is slightly lower than that of copper, but its very low coe cient
of thermal expansion (IP) and very low density (2.36g cm 3) make the material very
appealing for certain thermal management applications, such as heat spreader for semi-
conductor materials.
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2. Liquid phase sintering of graphite-matrix composites

Table 2.5: Range of price of metal powders per gram from a German supplier, depending on
particle size and purity (< 45 m , >99.0% purity). Market price of the bulk metals (commaodities,

11-Apr-2019 [105]). B=g].

Min. Max. Market [ £=(]

Sc 652 804 5-13
Cr 04 22
Mn 1.0 4.3
Fe 0.04 0.06 0.08 (1 kg)
Co 1.1 7 29.71 (1 kg)
Ni 1.0 6.6 11.67 (1kg)

Ru 65.4 654 7.50
Rh 528 528 86.38
Pd 89 264 38.8

Pt 181 609 25.86
Au 394 529 37.15
Mo 0.5 15

U.S.A. supplier, metal lump

The overall performance of NiGr2 is not adequate for HL-LHC collimator absorber blocks
because of its large CTE in the TP direction (17.510 ®K 1, 20-200 C), and its limited
IP .. Besides, Ni is ferromagnetic, fact that prevents its integration close to the particle

beam.

In this thesis, the C-solvent e ciency has been prioritized over the precipitation of
carbon. The author considers that the former parameter has more importance in the
dissolution-precipitation mechanism, so the nal properties are likely to be better if this
parameter is maximized.

In fact, John [97] showed that the absence of carbon precipitation in solid state, such as
in Ti-C or V-C systems, does not impede good cohesion in the sintered bodies.

It is therefore clear that taking all constraints into account, the best C-solvent alter-
native to molybdenum is chromium, which exhibits the greatest capability of dissolving
carbon at the LP temperature. In fact, its C-solvent e ciency is 92.5% of that of molyb-
denum, see Table 2.4, but with a LP temperature of 1811C instead of 2584 C.

In addition, the carbide of chromium (Cr 3C>) has a density 0f6:68g cm 3, compared with
8:92 9:39gcm 2 of the molybdenum carbides [37], this helps to produce lighter compos-
ites. Also, chromium is 3.6 times less prone to activation than molybdenum, see Table
2.6. This helps to reduce the dose to personnel working around the used collimators in
the LHC.

Another novelty in this thesis is that the Cr catalyst is added in the form of very small
carbide particles (<2 m ). This was chosen because of the following advantages:

For the same amount of catalyst, smaller particles contact a larger surface area of
graphite. Harada reported that ner particles produced improved densi cation and
bonding [95]. The typical metal/carbide particle size in the prior art studies was
45 m or larger [60, 93, 95, 97].

The carbide is more resistant to oxidation than the metal, therefore the powder is
less prone to contain oxygen.
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2.4. Summary of the chapter

Very ne powders of metallic elements are typically dangerous to handle, because
they can ignite or explode in air. This is due to their high speci c surface area per
unit of mass, and their reactivity with oxygen. Carbides are in general much less
reactive with oxygen, therefore they are safer to handle.

The previous characteristic of carbides facilitates the production of very ne particle
size powder. Infact, very ne commercial metallic powders are typically not available
or they have high cost compared with more stable compounds such as carbides.

The LP can be formed both from the metal or the carbide. However, as the car-
bide contains not only the catalyst but also carbon, the required amount has to be
calculated accordingly.

Table 2.6: Relative radiological hazard fac-
tors, per volume unit of elements irradi-
Ta 27.70 5.73 ated with 7 TeV LHC proton beam (irra-

Element Operational Waste

Co 0.80 66.50 diation time independent). Operational as-
W 3.98 4.72 bects: dose to personnel, related to the
Ni 351 117 Sum of weighted dose rate contributions as

function of the cooling time (1h-20years).

Mo 3.31 0.47 Waste: probability to produce radioactive

Cu 1.37 2.93 waste, related to the dose with a cooling time
Fe 1.30 0.61  of 20 years. [107]

Cr 0.91 0.62

Ti 0.89 1.10

Al 0.25 0.35
C 0.007 0.29

2.4 Summary of the chapter

Graphite-matrix composite materials have appealing properties for collimator absorber
blocks in particle accelerators and for other thermal management applications.

The carbon dissolution-precipitation mechanism is responsible of catalytic graphitisa-
tion. This catalytic e ect allows production of high quality graphite at lower temperatures
than by standalone graphitisation processes.

Liquid phase sintering processes, in presence of adequate catalysts, allow to obtain
composites bene ting both from high densi cation and catalytic graphitisation under fast
(liquid state) di usion media. In this process, dissolving large amounts of carbon in the
LP is of great importance, therefore elements with good carbon-solvent characteristics
are favoured as catalyst candidates. The temperature at which the LP is formed must
be su ciently low for the viability of the industrial production, but high enough so that
the melting point is not reached in operation. In the LP, carbon atoms can dissolve and
di use, eventually build carbon structures to sinter together the graphite initial powders
into solid graphite. Upon cooling down, the solid products of must serve as bene cial
features in the composite, for example improving the through-plane graphite properties.

Taking into account all the constraints, chromium is the most promising alternative

to molybdenum, as it has nearly the same C-solvent characteristics, but with a LP tem-
perature 773 C lower. Chromium carbide (Cr3C,) powder has some practical advantages
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2. Liquid phase sintering of graphite-matrix composites

with respect to the metallic form, and virtually no counter-indications. For these reasons,
Cr3C, powder is selected as ller material for some composites investigated in this thesis.
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3 Characterisation techniques

This chapter describes all the techniques used to characterise the materials for this thesis.
These are both macro- and microscopical. More emphasis is put in the description of
the techniques that the author has developed or tailored for the investigated materials,

such as the elastic constants optimisation, the electrical characterisation and the X-ray

di raction.

3.1 Thermo-physical characterisation

After production, samples for thermomechanical characterisation were machined by con-
ventional milling methods from the sintered plates. For measuring each property, three
samples per direction were tested and the resulting values averaged. In temperature de-
pendent plots, the curve shown corresponds to the best t of all measurements.

The thermomechanical characterisation was performed at CERN, see Figure 3.1, with
the following equipment: NetzschDi erential Scanning Calorimeter (DSC) Pegasus 404C,
Netzsch Laser Flash Apparatus (LFA) LFA427, Archimedes scale, Netzsch horizontal
pushrod dilatometer DIL 402E, and Zwick/Roell Z400 Universal Testing Machine. Full de-
tails of the measurements can be found in [108 110]. The accuracy of these measurements,
as de ned in the ISO 5725 standard, is typically within 5%.

The standard dimensions of the specimens for the thermomechanical characterisation
are listed in Table 3.1. Anisotropic materials require tests in all di erent directions. In
particular, the investigated transversely isotropic materials require the specimens oriented
as shown in Figure 3.2. The reference Cartesian coordinate system for the sintered plates
is also shown in Figure 3.2.

Table 3.1: Specimens for thermomechanical characterisation

Short name Direction Tests Standard dimensions (mm)
LFA IP LFA ;10 8 0or10 10 8
LFA TP LFA ;10 20r10 10 2
DIL IP Dilatometry ;6 250r5 5 25
DIL TP Dilatometry 6 250r5 5 25
DSC any DSC 75 0.75
FLEX IP IET + Flexural test 55 10 5
FLEX TP IET + Flexural test 25 10 5
ELEC IP DC electr. conductivity 45 5 4
ELEC TP DC electr. conductivity 25 55
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3. Characterisation techniques

Figure 3.1: Thermo-physical measurements Lab at CERN. Right side: horizontal dilatometer (DIL
402E). Next to the left: vertical Laser Flash machine (LFA427).
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Figure 3.2: Schematic of the orientations of the specimens for characterisation of transversely
isotropic materials. IP=In-plane, TP=Through-plane. In the Cartesian coordinate system:
IP=Y-Z, TP=X.

3.1.1 Density

All the density values presented are calculated from the apparent solid volume measured
with the Archimedes Scale, in calibrated ethanol, therefore taking closed porosity into
account. The volume of the open pores is not considered because the liquid can in Itrate
them.

The density can also be calculated by dividing the mass of a specimen by its volume,
provided it has a simple geometry and dimensions are precisely measured.

The thermal expansion characterisation allows to deduce the variation of density with
temperature, see equation 3.4 in section 3.1.4.

3.1.2 Thermal di usivity and conductivity

Thermal di usivity indicates how quickly a material reacts to a change in temperature.

As opposed to thermal conductivity, which characterises steady heat transport, di usiv-
ity is associated to unsteady heat conduction. Thermal di usivity a(T) is measured in
[mm?s 1], and thermal conductivity k(T) in WK !m 1]. These two properties are re-
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3.1. Thermo-physical characterisation

lated through the speci c heat c,(T) and the density (T), by the following expression:
k(T)= (T) c(T) a(T) (3.1)

The thermal di usivity is measured by the ash method ASTM E2585 with a Laser
Flash Analysis (LFA). The furnace of the LFA427 apparatus can reach up to 2000C
allowing temperature-dependent measurements. The atmosphere in the testing chamber
consists in a limited ow of inert gas (100 mImin ! argon) at atmospheric pressure. This
enables convection thermal transfer, improving the accuracy of the temperature reading
by the temperature sensor.

Both faces of the sample are sprayed with a thin graphite coating so that the emissivity
and absorptivity of the samples is idependent of the material and close to 1. During the
characterisation campaign of highly conductive MoGr it was found that the standard
thickness of LFA samples (0 2mm) may be erroneuouly assessed by the appartus,
even when using the shortest practical laser pulsesd(6 ms), since the characteristic heat
di usion time is of the same order of magnitude of the laser pulse. This e ect was observed
when measuring samples of di erent thicknesses from the same material, in the in-plane
direction and at low temperatures (high di usivity). Thicknesses between5 10mm were
observed to provide more accurate results and were adopted for the in-plane di usivity
measurements [111]. The same issue was described in reference [96], though the availability
of a pulsed xenon lamp with peak time of 0.08%ns, made measurements of 1..1m-thick
samples possible.

3.1.3 Specic heat

The speci ¢ heat, or heat capacity, corresponds to the amount of energy that is required
to change the temperature of the material. The speci ¢ heat can be expressed in di erent
units, like molar, volumetric or mass. Usually the magnitude is per unit of mass and
at constant pressure (isobaric): ¢,(T)[J=(g K)], this is the amount of energy in Joules
required to increase the temperature of one gram of material by one Kelvin.

The speci ¢ heat depends on the atomic bond, the atomic structure, the valence elec-
trons of the atoms and the temperature. The greater the number of degrees of freedom for
the atomic structure to oscillate, the larger the speci ¢ heat will be. For instance, graphite
and diamond have very di erent heat capacity, despite being both formed by pure carbon
(0.71 and 0.42J(g K) respectively).

The apparatus used for the measurement is a Di erential Scanning Calorimeter (DSC).
This device applies a stable heat ux to both the sample and to a reference specimen at the
same time. The speci c heat of the reference specimen is known, as well as the masses.
The temperatures of both samples are continuously monitored, allowing to obtain the
speci ¢ heat of the sample of interest.

Generation and absorption of heat around the sample, even in minuscule amounts, can
a ect these measurements. S.K. Leiva studied the e ect of oxygen in the DSC measure-
ments [112]. The presence of traces of oxygen in the furnace gas produce oxidation reac-
tions in the crucibles that contain the sample, eventually providing wrong c,(T) results.
Oxygen levels smaller than 20 ppm are recommended for the device. An oxygen-trapping
system consisting in a small zirconium getter helps reducing oxygen above 600 C. Be-
sides, it was learnt that the use of alumina washers between the graphite crucibles and the
platinum holder is required above 1000 C, in order to prevent chemical reactions between
them. Under these two conditions, reliable measurements up td200 C are possible [112].

The furnace of the DSC Pegasus 404C features only air cooling system. This limits
the minimum practical temperature of the test to around 40 C, preventing reliable
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3. Characterisation techniques

measurements ofc,(T) below this temperature. The curves presented in this thesis are
therefore extrapolated down to 20 C, the mathematical functions used are shown.

3.1.4 Coe cient of thermal expansion

The Coe cient of Thermal Expansion (CTE) provides information about the change in
length that a material experiences with a given change in its temperature. The dilatometry
technique is used to determine the CTE. The Netzsch horizontal pushrod dilatometer DIL
402E consists in a furnace able to operate up to 200@ under inert atmosphere, with a
pushrod transmitting the changes in length of the sample to a very precise linear variable
displacement transducer (LVDT). Key parts of the furnace chamber are made in graphite.
The pushrod applies a force oftl5 45 10 2N to ensure good contact with the specimen.
The LVDT sensor can measure dierences in length up to 20 nm, however the global
resolution of the device is around 0.1m . A small ow of inert gas (100 mImin * helium)
at atmospheric pressure is present in the furnace during the measurements. A reference
measurement to a calibrated sample is required to deduct the expansion of the machine
parts.

The result of the measurement is a curvedL=L o versus temperature, see Figure 3.3.
dL=Lo values are dimensionless, however, if multiplied by 100, they are expressed as
percentage. The technical alpha (), also known as average linear CTE or secant CTE,
in the range Ty T, is calculated with the following expression:

LTy 8Ty
T To

_ldi_ 1(L(T) Lo) _
~ LodT Lo (T To)
Where Ty is the reference temperature (20C).

(3.2)

On the other hand, the physical (tangent) CTE is obtained deriving the dL=L g curve
with respect to temperature. Figure 3.3 shows an example of dilatometer measurement,
including both types of CTE. They are calculated from a 4th degree polynomial t to the
experimental data, which is needed to smooth out the measurement irregularities. Note
how the secant CTE is 0 whendL=Ly matchesdL=Ly(20 C) 0%, at around 1000 C.
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Figure 3.3: Example of dilatometry curve (cooling down ramp of CFC AC150K IP test), including
the calculation of the tangent and secant CTE.

For practical reasons, some tests start and/or nish at temperatures slightly above RT
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3.2. Mechanical characterisation

(3040 C), in those casesTy is set accordingly. This should have negligible e ect in the
values.

Non constant heating/cooling rates produce measuring artefacts. They are commonly
occurring during the heating up ramp at temperatures close to RT (up to 100 C). For
this reason, the experimental results are typically calculated from the cooling down ramp
of the dilatometry test.

The cooling down measurement implies that the sample has received a thermal treat-
ment up to the maximum test temperature, which helps to relax internal stresses. At the
end of the measurement, the change in length of the specimen (called residual strain , in
[%] units) gives a hint of the amount of internal stresses.

Volumetric expansion

The volumetric CTE ( v), in the range To T, is de ned by the following expression:

1

V7 VdT ~ Vo (T To) T To) '
The density is expressed as a function of v :
(T) = : (3.4)

v(T To)+1

Where y corresponds to the rangeTy T. v is deduced from the linear CTE , with
the following approximation:

L
Vo+ V=(Lo+ L)*=1L3+3L3 L+3Lo L2+ L® L3+3L3 L = Vo+3 Vo —

(3.§)
This is valid for isotropic materials. For orthotropic materials the expression is analogous
but multiplying the three dierent (Lo+ L) instead of one cubed. The outcome from
equation 3.5 is that the volumetric thermal expansion of isotropic materials is approxi-
mately three times the linear coe cient (equation 3.6).
Y, L

Vo o 3 To ; v =3 (3.6)
For orthotropic materials, v is approximately three times the average linear coe cient,
see equation 3.7. In the particular case of transversely isotropic materials, the in-plane
direction corresponds to two of the three orthogonal axes, so the average linear coe cient
is calculated accordingly, see equation 3.7.

+ + 2 +
v=3 average:3( X 3Y 2) - 3( IPS ) (3.7)

These approximations (equations 3.6 and 3.7), for the investigated materials and ranges
of temperature, is conform to the exact formula within less than 1%.

3.2 Mechanical characterisation

The brittleness of graphite and graphite-matrix materials leads to very complicated ex-
ecution of tensile tests, mainly due to gripping and alignment di culties. Bending tests
are much more convenient in that case. The geometry of the bending test specimens is
also much easier to produce, and requires less volume of material, see Table 3.1.
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3. Characterisation techniques

The bending strength was measured according to the standard ASTM C1161-02, with
the 4-point exural test; this con guration, as opposed to the three point exural test,
has the advantage of bringing to maximum stress a much longer portion of the sample
(loading span), so limiting the statistical dispersion in results related to internal aws,
typical of brittle materials. Strains were measured with a strain gauge glued to the face
under tensile stress. Some tests were performed with a contact-less laser extensometer
instead, see Figure 3.4.

Figure 3.4: Bending test set-up, the pictures show the optional (green) laser extensometer system
to do contact-less strain measurements. The specimen in the pictures is 55 mm long.

The exural stress ( ;) on the outer bres of a beam with rectangular cross section is

calculated with equation 3.8.

FL
Where F is the applied load, L is the support span, b is the width of the specimen andd
is the thickness. cis 1 for three point bending test, 3/4 for four point bending test where

the loading span is 1/2 of the support span, and 3/2 if the loading span is 1/3.

3.3 Elastic constants

The elastic properties of ductile materials are typically obtained from tensile tests, by
measuring the force and the elongation. With the force and the specimen section, the
stress is calculated. The elastic modulus is the slope of the stress-strain curve during
the linear behaviour (elastic part). As explained in section 3.2, in brittle materials the
practical implementation of traction tests is complicated. For this reason, exural tests
are typically performed instead.

The elastic modulus can be obtained from the stress-strain curve in the traction face
of bending test specimens. However, the stress-strain relationship in graphitic materials is
signi cantly not linear, as it can be seen in CFC, compared for example with pure silicon
(Figure 3.5). For this reason, in order to measure the Young's Modulus of these materials,
an Impact Excitation Technique (Impact Excitation Technique (IET), also called resonant
bar method) is used. In fact, IET only investigates the part of the curve at very low
stresses, where the theory of elasticity (Hooke's law) is still valid. Besides, IET allows to
easily obtain the shear modulus. The IET is based on the relationship between the elastic
properties and the natural frequencies of a body.
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Figure 3.5: Four-point bending test of CFC AC150K (orthotropic) and polycrystalline silicon.

3.3.1 Theory of vibration: natural frequencies

A beam of isotropic and homogeneous material can propagate elastic waves. Those waves
can also be described as a superposition of stationary waves (their peak amplitude pro le
does not move in space). This behaviour can be studied with the theory of beams, which
relates the elastic properties, the mass and the dimensions of the beam to its natural fre-
guencies. The interesting vibration modes for this study are the exural and the torsional
(rst modes), with boundary conditions similar to a free-standing (unsupported) body.

Bending mode

The simplest approach is to study the bending behaviour of slender Euler-Bernoulli
beams. A slender beam is typically de ned as having a thickness-to-length ratio smaller
than 1/50. The bending behaviour is more complex than the torsional or axial, because
two degrees of freedom are involved: the displacemeniy (for bending in the plane xz) and
the rotation . In general, the expression of the natural bending frequency (imads b

of the modei is: s
#2 Ely
=7 A (3.9)
With ¢ a factor that depends on the supporting conditions (for the rst bending mode
(i=1), ¢ = 4:730 for free-standing or xed-xed bar, ¢ =  for hinged-hinged for

hinged-hinged and f = 1:875 xed-free, E is the Young's modulus, I, the moment of
inertia of the section about y-axis (Iy = bt*=12, with t the dimension iny direction),
the density and A the cross-section area.

Adding the rotational bending e ects, the slenderness factorS is introduced:
s __

q
Wherer; = 1y=Ais the radius of gyration of the sectionA. The frequency then becomes:

S
= p ST (3.11)
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Where s the frequency calculated neglecting the rotational bending e ects (from eq.
3.9). Finally, considering the e ect of the shear deformation and rotational bending e ects

( Timoshenko beam):
|

4 2 2 2 4
S S S
- -~ 72 1+ Y2 Taa =0 (3.12)
With = E=G , which for isotropic materialsis =2 (1+ ). is a shear coe cient

depending on the shape of the cross-section [113]. Equations 3.11 and 3.12 are valid only
for hinged-supported beams. It is important to note that the considered Timoshenko beam

is still an approximation because it is based on the simpli ed hypotheses of the theory of
beams.

More importantly, for anisotropic materials, the stress state cannot be assumed uniaxial
as in isotropic materials, but will include triaxial stress states. This makes impossible to
develop an analytical formula to calculate the frequency.

Torsional mode

In general, the expression of the natural torsional frequency (irrads ') of the modei is:
s __
i G
P = % = (3.13)
With 4 a factor that depends on the supporting conditions (for free-standing bar =
i ), G the shear modulus, the density and | the specimen length.

When applied to anisotropic materials, the presence of triaxial stress states, makes not
possible to develop an analytical formula for the calculation, like for the bending mode.

3.3.2 Methodology

In order to derive the elastic properties, IET tests are performed to measure the natural
frequencies. The IET tests are performed according to the standard ASTM C1259-01.
In transversely isotropic materials, specimens with two di erent orientations are tested,
supported in two di erent ways to favour the excitation of their exural and torsional
modes, see Figures 3.6 and 3.7. In general, the exural mode depends on the elastic
modulus and the torsional mode on the shear moduli. The dimensions and orientation
of the specimens are shown in Table 3.1 and Figure 3.2. Direction X corresponds to TP
(trough-plane), and Y-Z to IP (in-plane).

Figure 3.6: Visualisation of the deformations during the bending (left) and torsional (right) modes.
The nodes are the imaginary lines with no deformation (blue), while the anti-nodes are the points
with largest amplitude (red).

The specimens are excited with a small hammer in one of the points of maximum

amplitude of the desired mode (anti-nodes), so exciting the corresponding resonance fre-
quency. The generated sound waves are acquired with a microphone and the spectrum
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analysed. The signal is processed with dast Fourier transform (FFT) algorithm that
allows to obtain amplitude peaks in the spectrum of frequencies of interest, see Figure 3.8.

Figure 3.7: IET experimental set-up. Nylon-wire supports for exciting the exural (left) and
torsional (right) frequencies. Left picture shows the specimen being impacted with the excitator.
Specimens shown are 25 mm long.
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Figure 3.8: Example of the acquired spectrum processed with the FFT algorithm.

As explained in section 3.3.1, it is not possible to analytically calculate the elastic
properties from the natural frequencies of anisotropic bodies. Therefore, the formulae
from the standard method ASTM C1259-01, which allow to obtain the elastic properties
from the resonant frequency, cannot be used.

Instead, a nite element analysis optimisation algorithm is performed to derive the elastic
constants by reverse engineering. ANSYS software, in this case version 17.2, was used as
FEM code.

The details and limitations of the method to derive the elastic constants are shown in
Appendix E.

3.4 Electrical characterisation

Two methods are used to measure the electrical conductivity or its inverse, the electrical
resistivity.
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3. Characterisation techniques

Direct current (DC) method

The electrical resistivity ¢ of parallelepiped specimens is calculated from their dimensions
and resistance, which is measured using four-wire sensing in order to make the measure-
ment independent of the electrode-specimen contact resistance. Direct current (DC) is
used for the test. The set-up is custom made, analogous to that proposed by the standard
ASTM C611-98. The conductivity , inverse of the resistivity, is measured in [S m1].
The calculation of the uncertainty of this measurements is presented in Appendix F.

_@loltmeter

Pressure

Pressure

opper
electrodes

Current supply

/;\ Ammeter
\_/

Figure 3.9: Direct method schematic

. o M=R==R—= ;  Sm!]= (3.14)

Figure 3.10: Custom-made direct method set-up for measuring electrical conductivity

Super cial electrical conductivity

In the in-plane direction, an eddy-current commercial deviceSigmatest 2.069from Foerster
(in the full frequency range 60 to 960 kHz) provides the electrical conductivity values within
10% with respect to the DC method. Due to the anisotropy of MoGr, in TP surfaces,
somehow averages the TP (x) and IP (y or z) directions, thus not appropriate for obtaining
the through-plane conductivity only.
By varying the frequency, the depth of the measured region changes, because of the
skin e ect.
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3.5. X-Ray Diraction (XRD)

The skin e ect is the tendency of an alternating current in a conductor to distribute
nearby the surface. The skin depth , see equation 3.15, is de ned as the depth below the
surface of the conductor at which the current density has fallen to 1/e of its value at the
surface.

= L 503 7:& (3.15)
2f 0r rf e rf

where is the skin depth (mm), . and . are respectively the electrical resistivity and
conductivity of the material ( m and MSm 1), f is the frequency (kHz), ¢ is the
magnetic permeability of vacuum (H=m) and  is the relative magnetic permeability of
the material (dimensionless). In paramagnetic and diamagnetic materials: , 1, being
respectively slightly higher and smaller than one.

The Sigmatest device requires that the specimen thickness is at least 3 times the skin
depth for an accurate measurement.

Figure 3.11: Sigmatest device

3.5 X-Ray Diraction (XRD)

Historically much of our understanding of the atomic and molecular arrangements in
solids has resulted from X-Ray di raction investigations. Diraction is a very versatile
technique. With the appropriate set-ups, it can be used to measure interplanar distances,
strain, thin- Ims thickness, crystallite size, to identify phases, to characterise texture, etc.

Di raction occurs when a wave encounters a series of regularly spaced obstacles that are
capable of scattering the wave, and have spacings that are comparable to the wavelength.
Those obstacles are the atomic planes in a crystalline solid, with interplanar distances
dh -

The unit cell is the smallest group of particles (atoms or molecules) that constitutes a
crystal pattern. The lattice parameters are the dimensions of unit cells. These dimensions
are related to the strength of the bonds between particles, therefore they vary due to
factors such as changes in the chemical composition (impurities, doping, stoichiometry,
etc.), stresses or thermal expansion. The particles arrange themselves in the type of pattern
(crystal system) which minimises the energy of the structure, hence factors a ecting the
structure energy, such as temperature or chemical composition variations, can produce
phase changes.

In crystallography, the plane (hkl) intercepts the axes a, b and c at the reciprocal oh,

k and | respectively (Miller indices). The intercepts are measured in terms of fractions or
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multiples of the lattice parameters. The vector dyy extends from the origin to the plane
(hkl) and is normal to it.

If the Bragg's law is satis ed, see equation 3.16, the interference between two or more
waves that have been scattered is constructive, therefore the diracted beam will have
high intensity and can be detected. Diractometers use x-rays and precise goniometric
systems to measure those nanometridyy distances.

dha from Bragg % law : dhk = (3.16)

2sin( )

Bragg's law is a necessary but not su cient condition for di raction by real crystals.
Depending on the type of crystal structure, other conditions that de ne the allowed and
forbidden re ections rule the diraction (known as selection or re ection rules). The
allowed re ections are:

Simple cubic: anyh, k and I.

BCC: [h+ k+ | = even].

FCC: h, k and | all even or all odd.

Hexagonal: other than h+2k =3n and | = odd].

Equations 3.17 to 3.19 present the interplanar spacing relationships for di erent crys-
tallographic systems. They relatedyy with the lattice parameters.

2. 124 |2
Cubic : LU (3.17)
i a
1 h2 k2 |2
Orthorhombic : - = =t 5+ = 3.18
rthorhombic Z Cwtw’e (3.18)
|
1 4 h2+hk+k? |2
Hexagonal : = = + = (3.19)

2y 3 a2 2

Theoretical density

The density of ideal crystal structures is calculated from the unit cell dimensions and the
atomic composition.

For example, the theoretical density of the ideal graphite structure, considering the
lattice parameters reported in reference [53]4 = 2:4617A and ¢ = 6:7106A), is calculated
as follows.

There are a total of 4 carbon atoms per unit cell (2 layers of1=6+1=3+1=6+1=3+1]
atoms), see Figure 3.12. Knowing that carbon atoms have a mass of 12.01 g mole the
mass of one unit cell is deduced. The theoretical density, calculated from that mass and the
volume of the hexagonal unit cell (Figure 3.12 and equation 3.20) results in 2.265cm 3.
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— T -y
Figure 3.12: (Left) Unit cell of graphite crystal structure. (Right) Number of carbon atoms at
each of the two basal layers in the unit cell.

"3
Vhex: unit cell = > a’c (3.20)

3.5.1 Phase identi cation and crystallite-size analysis

The re ections visible in the di raction patterns are a signature of the type and dimensions
of the crystalline structures present in the sample. The theoretical peak positions of
known phases can be calculated analytically with the rules introduced above. This is
an easy process for cubic and hexagonal structures because they have many symmetries,
while for more complex systems such as the orthorhombic, it is not practicable. If the
experimental peak positions match the calculated ones, itis likely that the phase is present.
In that case, Rietveltd re nement is performed to the experimental pattern with Materials
Analysis Using Diraction (MAUD) software to obtain the real lattice parameters and
other information such as crystallite-size [114] [115]. The required CIF les containing the
crystallographic information of the known phases are downloaded from Crystallography
Open Database (COD) [116].

When facing unknown phases (peaks) in the analysis, the process used is to understand
rst which elements are present in the sample. A chemical analysis, such as EDS (see SEM)
provides this information. With the chemical information, the possible phases are found
in the literature and the corresponding peak positions checked for matches in the pattern.
The presence of multiple phases complicates the identi cation, as the peaks of each phase
have to be distinguished from the rest.

X-ray diraction (XRD) phase identi cation and crystallite-size analyses were per-
formed with a Siemens D5000 diractometer with Bragg-Brentano -2 con guration,
using CuK - 1 radiation (= 1:54056A) at room temperature (RT), see Figure 3.13. Its
goniometer radius is 250 mm. A nickel foil Iter is used before the detector to limit the Cu
K - 1 radiation. The resulting X-rays include also CuK - » radiation ( = 1:54439A) and
Cu K - 1 radiation ( = 1:39222A), with intensities a factor 0.49 and 0.02 with respect
to the Cu K- 1 intensity. The standard acquisition is done between2 =20 to 110 , with
steps of 0.02 (integrated time of 2 s/step, 150 min. test), with divergence and anti-scatter
0.5 slits and receiving 0.2 mm slit. Longer step times are used for better quality patterns
(larger signal-to-noise ratio). The patterns are shown as-acquired, i.e. not corrected for
specimen displacement/transparency experimental errors, see section 3.5.2. Two intensity
scales are used: linear scale (proportional to the absolute counts) or square root scale
(square root of the counts). The latter scale homogenises very di erent peak heights for
better readability.

Some XRD analyses of the bulk materials were performed on perpendicular surfaces, in
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Figure 3.13: Siemens D5000 X-ray di ractometer, testing a graphite sample ( 10 10 25mm).

this manner the most intense peaks of graphite, mainly the (002) and (004), had reduced
intensity due to the texture. Besides that, this orientation favours the diraction of the
set of planes (100) and (110), which allows to obtain the basal plane crystallite sizel(y).

The surface state of the samples for XRD analyses was as-received (AR) from the
supplier or sanded with P1200 sandpaper. No relevant di erences in the position of the
di raction peaks were found by changing the surface state, for instance after polishing or
ultrasonic bath cleaning.

Powders were characterised by pouring a small quantity on the support, which consists
in an aluminium cylinder with a threaded plastic base (@30mm) moving along its axis.
The base was set to around 1-2 mm depth. The corresponding volume was lled with the
powder and levelled with a at spatula. Some texture in the crystallites is expected due
to this necessary last step.

Crystallite-size determination

The author considers important to clarify here the di erences between domain, crystallite
and grain.

Domain: The term domain is generally used to refer to the diraction domain,
which is each volume of a material with perfectly regular atomic structure (no de-
fects) that produces a coherent di racted beam. It is also called crystalline-domain.
The domains form a substructure that can occur in single crystals and in polycrys-
talline materials. The individual domains are very slightly misoriented (typically

< 1) with respect to each other, and are smaller than the grain size. The sepa-
ration between domains is called low-angle grain boundary or subgrain boundary
[117].

Grain: A grain is each crystal in a material having di erent crystallographic orien-
tation than its neighbours. This produces surfaces where the atoms are bonded less
regularly than in the perfect lattice, which are called grain boundaries.
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Crystallite:  Crystallite is a more general term that refers to domain if there are
domains present and it is the same thing than grain if not [117].

A well-annealed metal does not have domains, but does have grains. A perfect single
crystal does not have neither grains nor domains nor other defects.

If the crystallites in the sample are smaller than 500nm, the di raction conditions are
not ideal and the peaks broaden. An analysis of di raction peak broadening can be used to
determine the crystallite sizes up to500nm [117]. Rietveld re nement is done with MAUD
to obtain the graphite crystallite size after calibration of the instrumental broadening with
a LaB g powder reference sample. The broadening e ects considered (Delft model) are the
crystallite size and the instrumental broadening. The re nements done with MAUD with
the calibrated instrumental broadening show crystallite sizes sensitivity upto 1 m .
The best results to t XRD patterns of graphitic materials with the Rietveld re nement
method have been obtained with the following MAUD parameters:

Size-strain model: in general, the isotropic model is used.

Texture: Harmonic, with bre symmetry (L max =4), with the two harmonic param-
eters (Hz11 and Hja11) re ned. If the tis not good enough, the model arbitrary
texture is used instead.

Specimen displacement re ned (parameter _riet_par_spec_displac_z 2R, see
section 3.5.2).

Parameter 2 -0 set equal to zero (calibrated di ractometer). This is a constant shift
in 2 , as opposite to the specimen displacement error, which produces a shift that
decreases a2 increases.

The combination of those texture and crystallite size parameters usually manages to
t the relative intensities.

Anisotropic crystallite size has been considered, as is the most probable case for ake-
like graphite. The model of Popa (spherical harmonics, with expansion degree }ax =6),
with Rg and R4 re ned (R 1 to R3 equal to 0), simulates crystals with hexagonal symmetry
[118]. However, the peak shape is typically not correctly tted at high 2 angles, leading
to big errors in size and non-realistic crystallite shapes. This may be due to the low
signal-to-noise ratio a high2 angles (too short acquisition times). For this reason, the
isotropic model is used instead.

The t quality can be improved, specially to model the shape in some graphite peaks.
In particular, the error when tting (002) graphite peak, is probably due to the distribution
of grain sizes. This peak is typically the most intense one in graphite, with enough level
of signal. MAUD has an option to model this kind of distributions, but the results were
not successful.

For metals or compounds with negligible preferred orientation, the re nement is per-
formed with no texture model, with good results.

3.5.2 Thermal expansion studies

Thermal expansion is the macroscopic e ect of the change in average distance between
atoms at di erent temperatures. The latter results from the asymmetric curvature of
the trough in the interatomic potential energy curve. This process is neither linear nor
necessarily monotonic across all temperatures, as demonstrated by many real materials.
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As XRD technique is capable of measuring the distance between atomic planes, it
can be used to characterise the thermal expansion. With XRD, the thermal expansion
of all present phases, in all crystallographic orientations can be measured, while with
dilatometry techniques, the macroscopic thermal expansion of the full body is measured.

The thermal expansion measurements were done in a Panalytical X-ray di ractome-
ter with Bragg-Brentano -2 con guration, using Cu K - 1 radiation (= 1:54056A) at
varying temperature. Its goniometer radius is 240 mm. The heated chamber has openings
for the X-rays, see Figure 3.14. The tests were done between RT and maximum tem-
perature 600 C, in air at atmospheric pressure. Once the temperature is stabilized, each
pattern acquisition 20 < 2 < 90 lasts 16 min. The duration of the furnace ramps 25-
100, 100-200, 200-300, 300-400, 400-500, 500-600 and 600-800ntil stabilization of the
temperature are8 1min, the 500-300 and 300-100C are 14 1min and the 100-25 C
is around 30 1min. The total duration of the full test is around 4.5 h, however some
tests were performed with no pattern acquisition during the cooling down ramp.

The bulk specimens, around 1-2 mm thick are supported on the alumina sample holder,
see Figure 3.14. Powders are placed on a cylindrical alumina holder, which features an
edge all around to level the powder with a at spatula.

Figure 3.14: (Left) X-ray di ractometer with furnace chamber. (Right) sample holder for the high
tempetature XRD test. Sample shown on top of it is about G13mm.

The calibration of sample height was done for each sample, only at RT, with the X-ray
source and detector at2 = 0 . The sample holder is then moved upwards (machine
parameter + Z), showing the typical Gaussian beam grazing absorption curve, see Figure
3.15. The specimen surface is at th&Z which shows the middle intensity between the
maximum and the sample transparency signal, see Figure 3.15.
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Figure 3.15: Schematic and typical signal of the alignment process.

L |
12

One specimen was tested doing the alignment at every temperature point. This align-
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ment requires a manual change of slits and a di erent acquisition program, which prevents
the execution of an automatic measuring program and requires around twice the time to
complete the test. For this reason, the alignment was performed only once, at RT. This
requires a correction of the specimen displacement error for each acquired pattern.

The peak positions are manually listed and identi ed from each diraction pattern.
The identi cation of the peaks requires previous knowledge of the structure and theoreti-
cal lattice parameters of the phases. Afterwards, the experimental lattice parameters are
calculated, using the Bragg's law (equation 3.16) and the interplanar spacing relationships
(equations 3.17 to 3.19).

The uncertainty in the lattice parameters results, with this method, is estimated to
0:002A. This is the reason of presenting only 3 decimals in the results. An uncertainty of
30 m in the specimen height position seems reasonable, and would result in an error of

0:06% (0:002A) for peaks above2 =25 . This uncertainty produces a maximum peak
shifting at low angles of 2 0.02.

Second-order polynomials are tted to the experimental data using a least-squares
procedure. The average linear thermal expansion coe cients (also known as secant CTE)
are determined from the relation:

_1(a a)

ao (T To)

The function- tting of the data allows to smooth out experimental errors, and to
extrapolate the lattice parameters to 20 C.

(3.21)

Sample displacement/transparency correction

If the surface of the sample is not exactly at the di ractometer focusing circle, the posi-
tions of the di raction peaks are not correct, they shift. The specimen transparency error,
due to the penetration of the x-rays in low-density specimens, produces a peak interaction
inside and not on the surface of the sample. It is therefore of the same nature than the
displacement error.

In the ideal case of the di ractometer optics aiming only at the point of the di ractometer
centre, sample displacements would make the detector to receive no signal. In reality,
the beam and optics are not ideal, and those sample displacements produce peak shifting.
Figure 3.18 shows graphically how this error is produced.

This error is eliminated using parallel-beam optics. However, this results in less detected
intensity and larger peak-broadening, see Figures 3.16 and 3.17. The conventional Bragg-
Brentano optics were chosen for the tests, due to the aforementioned disadvantages. There-
fore, sample displacement error has to be corrected.

In the used set-up, the increase of temperature provokes an expansion in the specimen
and sample holder, moving the surface of the sample upwards from the di ractometer
centre. The displacement of the sample due to its own CTE is in the order ol7m fora 1l
mm-high sample of TPG (CTE> =28 10 ®m 'K 1) with 600 C of thermal excursion,
and around 10m for a 1.5 mm-high MoGr sample CTE, =11 10 ®m 1K 1). On
the other hand, the sample holder expansion is much larger, see Table 3.2, making the
specimen expansion negligible.

The error in the peak position induced by the change in height is ruled by the following
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Figure 3.16: XRD patterns of the same graphite R4550 specimen: 2 Bragg-Brentano geometry
and parallel-beam con guration. Parallel-beam optics result in lower intensity and broader peaks,
but sample displacement errors §) do not produce peak shifting.
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Figure 3.17: Extreme peak broadening visible in LaB powder with the parallel-beam optics.
The double peaks (CuK 1, Cu-K ;) merge in broad single peaks with the parallel-beam optics,
making di cult to determine their positions.

expression:
2 = 2scog ) (in radians ) (3.22)
The 2 generates an error in d as follows [117]:
?d = m (3.23)
The errors are de ned as (idem ford):
2 acval =2 exp 2 (3.24)

For example, if a given sample should produce a peak & =90 using CuK - ; radia-
tion in perfect aligned conditions, if the sample is lowered down 0.5 mmg = +0 :5mm ac-
cording to the convention of Fig. 3.18), 2 willbe 0:17, so the machine R = 240 mm)

Table 3.2: Sample holder expansion in air (in the direction +Z of Figure 3.15), speci cation.

T[C] [mm]
25 0
100  0.02
200 0.06
300 0.09
400 0.13
500 0.18
600 0.22
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Figure 3.18: XRD specimen displacement error.

will be at 2 ¢xp = 89:83 when the peak is detected. At this , the error corresponds to
d= 0:002A.

The e ect of the error with di erent displacements s is illustrated in Figures 3.19 and
3.20. A diraction pattern is considered to have high quality if the average di erence
between the measured and predicted peak position i 4y 0:03 and the maximum
IS 2 max 0:05 [119].
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Figure 3.19: 2 () due to specimen displacemens.

The specimen displacement produces smaller error in the peak positions with increasing
2 angle. Apart from that, parallel sets of planes must meet certain known relationships,
explained below. All things considered, if the pattern shows di erent peaks (thus at
di erent angles) of sets of planes that are parallel between them, it is possible to estimate
the value s of the actual displacement of the specimen. The same applies for sets of planes
that depend on only one lattice parameter, such as all planes in cubic phases or (100)-(110)
in hexagonal phases.

First, at least two peaks that correspond to parallel set of planes, such as (002), (004)
and (006), are identi ed. The magnitudes of vectorsdyy of di erent parallel planes are
related between them through the relationship between the intercepts of the planes. For
example, in graphite's hexagonal structure,dpg2 =2 dooa =3  doos.

With this information, it is possible to obtain the value s that produces the minimum
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Figure 3.20: d (A) due to specimen displacemens (Cu K - 1)

disagreement betweend,y of parallel planes. First, all experimental peak positions of
the pattern are identi ed and tabulated in a spreadsheet. The s are calculated using
Solver Microsoft Excel add-in, by minimizing a cell containing the desired sum of squared
residuals, and leting the cells that contains vary, see Figure 3.21. The solution process is
similar to the one described in reference [120]. The obtained displacement valueallows
to correct all the peak positions of the pattern. It is assumed that the displacement error

is the only source of peak shifting. For example, the residual strain is neglected.
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Figure 3.21: Example ofs calculation in Excel.

A

| s [mm]

0.0020

| -0.0274
| -0.0608
| -0.0885
| -0.1349

-0.1811

| 02312

B E D = F G H I ]
A 1.54056 R [mm]: 240
Graphite experimental peak positions (20_exp)
Temp ]| (002) (100) (101) {004) (110) (112)

25| 26.534 42 356 44547 54.657 77.473 83.596
100| 26.494 42.373 44.554 54.543 77.492 83.59
200| 26.435 42392 44,562 54.389 77.513 83.579
300| 26.376 42.409 44.566 54.244 77.533 83.564
400| 26.318 42.43 44.575 54.089 77.551 83541
500| 26.262 42.45 44,581 53.95 77.567 83.528
600| 26.206 42.471 44,593 53.794 77.583 83.509

Corrected 28 (28_actual) =28 _exp - A28 A2B=DEGREES(-2*5*COS(RADIANS({28_exp/2))/R)

25| 26.5350 | 42.3569 445479 546579 | 77.4738 | 83.5967
100| 26.4812 | 42.3608 44,5419 | 54.5314 | 77.4818 | 83.5802
200| 26.4067 | 42.3649 445351 | 543632 | 77.4804 | 83.5573
300| 26.3349 42.3696 44,5269 | 54.2064 | 77.5001 | 83.5325
400| 26.2553 | 42.3700 445154 | 54.0316 | 77.5008 | 83.4930
500| 26.1778 | 42.36924 | 44,5010 | 53.8729 | 77.4996 | 83.4635
600| 26.0985 | 42.3681 44,4909 | 53.6956 | 77.4970 | 83.4267

Corrected d_hkl [from 28_actual) =A/(2*SIN(RADIANS(26_actual/2))) | (d_002 - 2°d_004)*2 (d_100 - d_110°SQRT(3))"2

25| 3.3564 21321 20322 16778 1.2310 1.1557 5.75E-07 4.61E-17
100| 3.3631 2.1319 20325 1.6814 1.2309 1.1559 6.58E-08 8.81E-18
200| 3.3724 21317 2.0328 1.6862 1.2308 1.1561 8.94E-10 4.63E-18
300| 3.3814 2.1315 2.0331 1.6907 1.2306 1.1564 4.46E-12 1.18E-17
400| 3.3915 21315 2.0336 1.6958 1.2306 1.1569 1.99E-09 5.52E-18
500| 3.4014 2.1315 2.0342 1.7004 1.2306 1.1572 3.37E-07 1.06E-12
600( 3.4115 2.1316 2.0347 1.7056 1.2307 1.1576 1.14E-07 7.00E-18

Sum of Squared Residuals (SSR): 1.09E-06 | 8.40E-17 I

In this case, peak (004) was not as sharp as

peaks (100) and (110), so the solver was executed to minimize cell J29, by changing variable cells
A13:A19 (in yellow). Cell J29 corresponds to the disagreements betweeth oo and di19.

etveld re nement). The MAUD parameter _riet_par_spec_displac_z 2R (Datasets,

If the conditions to obtain s are met, it is also possible to do it with MAUD software (Ri-

Data le, Additional parameters, Sample displacement z/2R) multiplied by R=2 =
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equals tos in mm (R diractometer radius, 240 mm), in MAUD version 2.8. However,
this requires very precise tting in order to correctly capture the real peak positions. If
the XRD pattern shows sharp peaks (easy to locate) and the MAUD tting is not precise,
the Excel Solver method gives more consistent results.

Experimental validation

In order to validate the CTE-XRD measurement method, pure niobium was tested both
with dilatometry technique and with XRD. The niobium samples were obtained from a
3mme-thick sheet, fully recrystallized and with RRR>300 (very low impurity content).
The microstructure is shown in Figure 3.22, featuring equiaxed grains with an average
size of 7m . Niobium was chosen because of its cubic structure (BCC), which, if there
is no preferred orientation, results in completely isotropic thermal expansion. Besides,
the expansion behaviour of the lattice should match the macroscopic thermal expansion
measured with the dilatometer, due to the high purity of the sample. The surface for the
XRD test was mechanically and chemically polished, resulting in a very re ective mirror-
like surface. This was done to remove the super cial texture and oxide layers. The samples
for dilatometry were long (25 mm), in order to have the minimum possible measurement
uncertainty.

“ Transverse direction “ 2 Rolling direction & &5 7“5 £ e Sr T

s

Figure 3..22: Metallography of the niobium sheet (crosé-sectibn, mid thickneés), A.Gallifa (C‘ERN).

The experimental XRD patterns are shown in Figure 3.23. The three expected peaks of
the BCC Nb structure appear between2 =20 1to 90 . At300 C, the intensity of the peaks
starts to decrease and oxides are formed due to the presence of air. Eventually, the white
layer of oxides covers the surface and the Nb signal completely vanishes. Measurements
of the lattice parameters were possible up to 300C, see Table 3.3. The correction of the
specimen displacement is shown in the table, calculated with the method described above.
The lattice parameters are calculated from the corrected peak positions, using equations
3.16 and 3.17. A second degree polynomial is tted to the data, and the secant CTE is
calculated from the former, see Table 3.4 and Figure 3.24. This allows to smooth out the
data, reducing experimental errors, and to extrapolate the CTE up to 600 C.
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Figure 3.23: Niobium experimental XRD patterns.
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Table 3.3: BCC Nb 2 experimental and corrected peak positions [|. Resulting lattice parameters.

T[ C] s[mm]

(110) (200) (112)
Exp. Corr. Exp. Corr. Exp. Corr. a [A]

S 25 0.027 38.537 38.549 55.652 55.663 69.731 69.742
o)

2100 -0.001 38.527 38.527 55.629 55.629 69.697 69.697
w200 -0.040 38.515 38.497 55.601 55.584 69.653 69.637
£ 300 -0.070 38.498 38.467 55.566 55.537 69.605 69.578

3.300
3.302
3.304
3.307

Lattice parameter [A]

33151 6a (exp.) ma [121]
3:310(

3:305

3:300

| | | | | |
0 100 200 300 400 500 600
Temperature [ C]

Figure 3.24: Niobium lattice parameter versus temperature, matchinga;s ¢ = 3:3002A [121].

Table 3.4: Fitting equation for the lattice parameter variation (d= AT2+ BT+ C,Tin C,din
A). From the heating-up curve.

A

B C Valueat20 C

a (Nb) 6.678310 10 2.465410 > 3.2994 3.300
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3.6. Electron microscopy

Table 3.5: Comparison of secant CTE 20-T (C) [K !]. Four samples tested with dilatometry
(RD: Rolling direction, TD: Transverse direction), one sample tested with XRD technique.

DIL Heating-up (H) DIL Cooling-down (C)  Average Di.
T[ C] RD1 RD2 TD1 TD2 RD1 RD2 TD1 TD2 (C)DIL XRD [%]

50 7.30 7.27 7.23 7.36 7.33 7.44 7.36 7.35 737 749 16
100 7.36 7.34 7.30 7.41 7.40 7.49 7.42 7.42 743 750 0.8
200 747 7.47 7.44 751 753 758 7.52 7.54 754 752 -04
300 759 759 757 762 7.62 7.66 7.61 7.64 763 754 -13
400 7.71 7.71 7.69 7.73 7.69 7.71 7.68 7.70 770 7.56 -1.8
500 7.82 7.82 7.79 784 7.73 7.75 7.73 7.74 774 758 -21
600 794 792 7.89 796 7.74 7.76 7.77 71.75 775 7.60 -2.0

B.0
= 7.9 4
x
2 7.8
=
x 7.7 4
S 76-
Ly
3 7.5 -
w -o-RD1H -o-RD1C
- 4
o 74 E 5 = RD2H o-RD2C
E 7.3 E x % -TD1H %-TD1C
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3 72 | x -+-TD2H —+—TD2C
——XRD
7.1+
?.0 T T T T T T
0 100 200 300 400 500 600 TI[°C]

Figure 3.25: Comparison of niobium secant CTE 20-T (C) [K 1], from XRD and dilatometry
techniques.

The result of the CTE obtained from the XRD measurements is compared with the
dilatometer measurements, the results of all the samples are shown in Table 3.5 and Figure
3.25. There is no di erence between the CTE in the rolling and the transverse direction,
measured with the dilatometer. The results show that the di erence between the results
from the two methods to measure the CTE is very small, less than 2.1%. Straumanis and
Zyszczynski reported a linear (secant) thermal expansion coe cient between 15-65C,
measured by XRD, of 7.610 ® K ! [121], matching the present measurements.

These results demonstrate the validity of the method to measure the CTE, by XRD
technique.

3.6 Electron microscopy

3.6.1 Scanning Electron Microscopy (SEM)

Microstructural analyses were performed using a Zeiss Sigma eld emissioscanning elec-
tron microscope (SEM), see Figure 3.26. Samples prepared for SEM observation were
progressively polished with silicon carbide polishing discs under water ow (up to grit
size P1200), and nally with two steps of diamond polishing paste on polishing soft cloth.
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3. Characterisation techniques

Last step applied was usingl m diamond paste, after a step with6 m diamond paste.
To facilitate the polishing process, the samples are embedded in a resin cylinder, made of
a special charged polymer that has enough electrical conductivity to be compatible with
SEM, see Figure 3.26.

The typical SEM working parameters are: accelerating voltage 5-20 kV, aperture size
30-120 m , working distance 4-15 mm. Secondary electron (SE) image gives topologi-
cal information, while backscattered electron BE image provides information about the
chemical composition (the higher the atomic number, the brighter the signal).

Figure 3.26: (Left) SEM Zeiss Sigma. (Right) MoGr specimens mounted in a black resin cylinder
on the SEM sample holder, together with a piece containing several reference samples for EDS

analysis.

3.6.2 lon-milling

Mechanical polishing can produce local plastic deformation at the surface of the sample.
This e ect has been observed in the graphite-based materials investigated in this thesis.
Some small features of the materials, such as pore walls can be deformed during mechan-
ical polishing, leading to wrong image analysis. In order to have a precise estimation of
the porosity, ion-polishing was performed on some specimens, with a Gatan llion Il argon
milling system.

The specimens are glued with silver-based adhesive on a titanium blade. The sample
is placed so that it stands above the blade some microns, see Figure 3.27. The ion beam is
grazed towards the sample at the level of the blade surface, so the blade shapes the beam
by partly blocking it. This leaves a at polished area on the specimen, with a characteristic
Gaussian shape, see Figure 3.27. The plastic deformation is minimal, because the beam
ablation process occurs at the atomic scale.
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Figure 3.27: (Left) MoGr sample ( 4 4 2mm) mounted on the blade. (Right) SEM image of
the nished ion-polishing process.

3.6.3 Scanning Transmission Electron Microscopy (STEM)

Transmission Electron Microscopy (TEM) is a technique that provides information on the
atomic arrangement of materials due to its high spatial resolution [122, 123]. In TEM, the
sample is illuminated with an electron plane wave and a following lens system magni es
the image onto a camera. An aberration corrector allows cancelling the imperfections
of the electromagnetic lenses to improve the spatial resolution (even less than 0.1 nm).
Instead of illuminating the sample with a plane wave, the sample can also be scanned with
a focused electron beam (Scanning (S)TEM) while collecting scattered electrons to obtain
an image. Dierent STEM detectors collect the electrons scattered at di erent angles.
For these measurements, we have employed the high angle annular dark eld (HAADF)
detector, as this one provides the highest image contrast. This HAADF detector collects
incoherent electrons scattered at angles higher than 50 mrad. It is also called Z-contrast
STEM technique, owing high Z atoms scatter electrons to higher angles more strongly than
lighter atoms. Indeed, the intensity of HAADF image is proportional to Z+7 [124, 125].
STEM measurements were performed on a FEI Titan Low-Base microscope (see Figure
3.28) working at 200 kV, equipped with a Cs probe corrector, a monochromator and an
ultrabright X-FEG electron source. The convergence angle was 25 mrad and the inner
and outer angles for HAADF imaging were 70 and 200 mrad, respectively.
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Figure 3.28: Schematic of a conventional TEM microscope and the TEM microscope used in this
study (FEI Titan Low Base at the LMA-INA-U. Zaragoza facility).

3.6.4 Focused lon Beam (FIB)

Focused ion beam (FIB) is an appropriate technique for preparing electron transparent
samples (lamellas) for transmission electron microscopy (TEM). FIB equipment consists
of a column of Ga+ ions used for imaging or for milling the specimen, and a column
of electrons to obtain images. The well controlled Ga+ beam can be used to thin the
material (preparing a TEM lamella) while the electron beam facilitates the observation of
the specimen [126].

3.7 Nanoindentation

Nanoindentation tests were performed on several MoGr grades, pointing at the carbide
particles. The aim of this test is to asses possible di erences in hardness between the
di erent carbide phases. The surface of the samples was polished with diamond paste
downtolm.
The tests were performed with an Agilent G200 Nanoindenter, featuring a thermal

shield enclosure. The device characteristics are:

Positioning accuracy (X-Y): 1 m .

Load resolution: 50 nN.

Displacement resolution (Z): < 0:01 nm.

Contact force: < 1 N .
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4 Production routes

This chapter details the production processes employed for the investigated composite
materials. First, the raw materials (powders) are characterised and the results reported.
Then, each part of the process and its corresponding variables are described in separate
sections. The production parameters used for each material grade are reported. At the
end, the methods used to obtain specimens from the sintered plates are described.

4.1 Initial powders

The characterisation of the raw materials is based in SEM and XRD techniques. SEM
images allow to characterise the average particle size and the particle shape. Energy
Dispersive X-ray spectroscopy (EDS) analyses provide information about the elements
present in the powder, which in turn shows the impurity content. XRD analyses provide
crystallographic information on the present phases. Besides, if performed with varying
temperature, the thermal expansion behaviour of the phases, in all crystallographic orien-
tations, can also be determined.

4.1.1 Asbury 3260 graphite

The graphite powder used for most of the investigated materials is grade 3260 from Asbury
Carbons company, consisting of crystalline natural graphite. The carbon content was
measured by the powder manufacturer with loss on ignition (LOI) technique, resulting in
99:01wt%. The typical results of the sieving test done by the powder supplier are shown
in table 4.1.

Table 4.1: Sieving test of Asbury 3260 powder (U.S. Standard test sieves)

Mesh size %

+80 Mesh (180 m )  0.05
+100 Mesh (150 m ) 0.08
+200 Mesh (75 m ) 6.95
+325 Mesh (44 m ) 30.06
-325 Mesh (44m) 62.86

Morphology

The SEM observations of Asbury 3260 graphite powder are presented in gures 4.1 to 4.8.
These powders contain two di erent morphologies: akes and spheroidal- akes.

Flakes are at and typically round; on the other hand, spheroidal- akes are agglomerations
of small akes displaying a spheroidal shape. Figure 4.3a shows one particle with large
spheroidicity. Therefore, spheroidal- akes contain graphite crystallites in many di erent
orientations. This morphology was chosen to limit the anisotropy of the composites, as
well as to facilitate compactness [29]. A possible disadvantage of this morphology is the
fact that the nal material is prone to contain many folded basal planes, already visible
in the non-compacted powder, in gures 4.5b and 4.8b.
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Figure 4.1: General view. Bright areas are due to charging e ect.
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Figure 4.2: General view.
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Figure 4.3
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(a) Spheroidal particle. (b) Folded basal planes in a spheroidal particle.
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Figure 4.6
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The bright small particles visible on the surface of the graphite powder, more notice-
able in images 4.3b and 4.3b, show high content of iron. The inclusion visible in ake of
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4.1. Initial powders

image 4.7b shows strong signal of Si and O, thus being most likely silicon oxide. It is also
showing charging e ect, con rming electrical insulating properties. These impurities are
compatible with natural graphite ores.

The supplier certi es a minimum carbon content of 98% and the batch analysis resulted
in a 99:01% content. A guantitative EDS analysis could not be performed due to the
visible adhesive tape around the powder particles. However, the small volume of visible
impurities is compatible with the carbon content speci cation.

The mean observed particle size is around 30n , with at least 90% of the particles
between 10 and 80m , matching the supplier's speci cation.

Crystallography

Figure 4.9 presents the XRD pattern of Asbury 3260 powder. The experimental lattice
parameters of the hexagonal graphite phase are reported in the next section (Thermal ex-
pansion). The peaks not related to the thermodynamically stable phase of graphite (hexag-
onal) are likely to be rhombohedral graphite. The rhombohedral structure of graphite is
known to form by applying shearing forces, for example, by grinding. This introduces
stacking faults in the crystallites having the hexagonal stacking regularity (ABAB...),
leading to sequence ABCABC... of the rhombohedral phase [127]a(= 3:635A and
=39:49 ). The corresponding lattice parameters of this phase in the hexagonal system
are a = 2:462A and c = 10:062A [127]. The stable ABAB stacking is recovered progres-
sively on heating above 1300C [128, 129].
The asymmetric shape of the 002 graphite peak, see Figure 4.10, indicates that there is
a distribution of crystallites with di erent interplanar dgg2 distances. The right side of
the peak (higher2 angles) corresponds to the smallestlygz, corresponding to the highest
graphitisation level. At the left side, the peak broadens, indicating presence of crystallites
with larger dgg2, but with decreasing amount asd increases (lower intensity).

1 (002)
22500 Ll (100)

A (110) (211) (221)
10000 —

Intensity (counts) (sqrt)

(101),
2500 : (004) (105)

| (100) (102) (103) 1oe (MO (112) |

D T L} T L T T T T 1 i i T L
I | | | | | | I T T T T T
20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
2Theta (°)
Figure 4.9: XRD pattern of Asbury 3260 powder (Siemens D5000, as-acquired pattet). Red
arrows indicate rhombohedral graphite peaks.

1Specimen displacement/transparency correction not applied, see section 3.5.2.
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Figure 4.10: Close-up view of the 002 peak from the XRD pattern of gure 4.9.

Thermal expansion

The thermal expansion behaviour of graphite Asbury 3260 was characterised by performing
XRD analysis to a mixture (obtained by dry mixing, see section 4.2) of 4.5vo0l% molybde-
num powder and balance Asbury 3260. The test was performed in air at 25-100-200-300-
400-500 C, in the Panalytical di ractometer, with parallel beam con guration to remove
sample displacement and sample transparency errors. The experimental points with the
tting function are shown in Figure 4.11. The lattice parameters at RT match those of
the ideal graphite structure [53]. The coe cients of the second degree polynomial tting
are presented in Table 4.2.

Table 4.2: Asbury 3260. Fitting coe cients of graphite lattice parameters [A].

Param. X2 X ind: Value at 20 C
a 5.608510 ° -4.520910 6 2.4620 2.4619
c 1.639610 & 1.842810 # 6.7091 6.7128

The average linear thermal expansion coe cients are calculated with equation 3.21,
using the polynomial ts of Table 4.2. The results are shown in table 4.3.

c? . [ T T T T ] T T
— 2:4624 oa (exp.) ma [53] o c (exp.) 6:82
S 24620 1 = c[53 6:80
% 2:4616 1 6:78
S 2:4612 1676
@ 2:4608 1674
b= . +16:72
S 2:4604 ! ! ! ! ! L | ! ! | | 46:70
0 100 200 300 400 500 600 O 100 200 300 400 500 600

Temperature [ C] Temperature [ C]

Figure 4.11: Lattice parameters versus temperature of graphite in Asbury 3260.
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Table 4.3: Secant CTE 20 T C of graphite in Asbury 3260, a and ¢ parameters ( 10 °) [K 1]
T=50 100 200 300 400 500 600C

a -17 -16 -1.3 -11 -09 -0.7 -04
c 27.6 27.7 28.0 28.2 28,5 28.7 29.0

4.1.2 Asbury 3763 graphite

Another graphite powder, Asbury 3763, was investigated. It consists in high purity crys-

talline natural graphite akes, with very large particle size, see Figures 4.12 and 4.13.
These large akes should in theory be optimal for the best possible IP thermal and elec-
trical conduction. The composites produced with this powder are likely to be highly

textured, similarly to pure ordered graphites. In the negative side, this may produce a
very high degree of anisotropy, resulting in too weak properties in the TP direction.

The process to produce big particle size powder is typically less aggressive and intro-
duces less defects than milling operations required in small-sized particles. The carbon
content was measured by the powder manufacturer with loss on ignition (LOI) technique,
resulting in 99.59 wt.%. The moisture content was 0.16 wt.%. The typical results of the
sieving test done by the powder supplier are shown in table 4.4.

Table 4.4: Sieving test of Asbury 3763 powder (U.S. Standard test sieves)

Mesh size wt.%

+10 Mesh (2.00 mm) 0
+20 Mesh (850 m )  6.13
+35 Mesh (500 m ) 78.64
+40 Mesh (425 m) 7.81
+50 Mesh (300 m)  4.53
+60 Mesh (250 m )  0.82

60 Mesh (250m )  2.07

Morphology

The mean observed particle size is around 750n , in agreement with the speci cation.
The SEM characterisation is presented in Figures 4.14, 4.15 and 4.16. The akes show some
basal plane wrinkles and micron-sized graphitic platelets at the surface. The thickness of
the observed akes is around30 m , as shown in Figure 4.16.
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Figure 4.12: Asbury 3763 graphite powder on adhesive tape.

R € . et Ty . & ; rJ /:
Figure 4.13: Photographies of the Asbury 3763 powder. The right one corresponds to the specimen
for XRD test.
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Figure 4.14: SEM secondary electron images of Asbury 3763 graphite powder.
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Figure 4.15: SEM secondary electron images of Asbury 3763 graphite powder. Close view of the
surface, showing some wrinkles and small adhered akes.

20 pm EHT=10.00kV Mag= 219X Asbury 3763 100 pm EHT=10.00kvV Mag= 83X  Asbury 3763
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Figure 4.16: SEM secondary electron images of two Asbury 3763 graphite akes, thickness view:
255 m (left) and 38 m (right).

Crystallography

The XRD analysis shows very strong and sharp peaks related to the interplanar distance,
see Figure 4.17. This type of akes shows a very slippery nature, so the powder was
supported with double-sided adhesive tape to keep it in place during the test (the sample
holder is tilted by the goniometer). This helped to have some akes aligned vertically,
see Figure 4.13, which in principle allows hkO re ections (related to the atomic planes
perpendicular to graphite basal plane). Nevertheless, most of the akes were oriented
with the basal planes parallel to the surface of the sample holder.

The big size of the akes produces a strong displacement error, which is not constant

23pecimen displacement/transparency correction not applied, see section 3.5.2.
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Figure 4.17: XRD pattern of Asbury 3763 (Siemens D5000, as-acquired pattef). Peak positions

of ideal graphite.

for all peaks. The interaction volume is at the top surface of the akes, referenced to the
sample holder surface. The relative height depends on the alignment of the akes; the
horizontal akes have the interaction volume close to the level of the sample holder, while
the vertical ones have it much above, around 0.75 mm higher ( ake diameter). This causes
that each set of crystallographic planes has a di erent displacement error, visible in the
XRD pattern.

Due to this two combined e ects, only the 00 peaks can be analysedq lattice param-
eter and L crystallite size), the results are shown in table 4.5. The sample displacement
correction showss  0:65mm (the interaction volume is at lower height than the di rac-
tometer centre). The value of L. obtained from the Rietveld re nement (MAUD) is not
real, as it would be too large to produce peak broadening, see section 3.5. This indicates
that real value is L > 1 m . The corrected interplanar distance is matching that of ideal
graphite. It is possible to notice in the pattern that the peaks including hk miller indices
show much less peak shifting, due to the e ect explained above. The 100 and 110 peaks,
are almost non-existent, due to the texture of the specimen. Other interesting e ects,
visible also in other high quality and highly oriented graphites, are the peaks appearing
between2 20 and 23, at around 2 = 29 , and the shape of the left side of 002 peak.
They could be due to the strong 002 re ection, which produces these artefacts.

Table 4.5: Results of the XRD analysis for Asbury 3763.
Method a[A] c[A] L¢[nm] z 2R s [mm]

MAUD - 6.7106 1523* -0.005428 0.678
Spreadsheet - 6.7112 - - 0.624

1Sample displacement error correction, see section 3.5.2.

4.1.3 Granoc carbon bres

Nippon Graphite Fibres Granoc XN-100-03Z pitch-based Carbon Fibres (CFs) are present
in one of the investigated grades (MG-6530Aa). Their nominal length is 3nm, therefore
they are referred as long, in contrast to the other Cytec bres. Typically the compaction
of bodies having such long bres could lead to more porosity content than when using short
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bres.

The speci cations of the Granoc XN-100-03Z bres from the supplier datasheet are:

Nominal length: 3mm.

Electrical conductivity: 0:67MSm 1.
Thermal conductivity: 900 W m K 1.
Density: 2.22gcm 3.

Morphology

Figures 4.18 and 4.19 show SEM observations of Granoc CFs. The SE image shows small
graphite crystallites on the surface, con rmed by the absence of contrast in the BE image.
The presence of oriented graphite produces characteristic straight marks on the surface,
conform to a pitch precursor bre structure. The average diameter of the Granoc bres

is around 10 m . Length varies between 2 mm up to 4 5 mm, some bres are even much
shorter (hundreds of microns).
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Figure 4.18: SEM |mage of Granoc carbon bres with two di erent detectors (Left) Secondary
electron image. (Right) Backscattered electron image.
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Figure 4.19: SEM secondary electron images of Granoc carbon bres (Left) Fibre end (Right)
Broken bre.
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Crystallography

The XRD pattern of Granoc CFs is shown in Figure 4.20. The graphite 002 and 004 peaks
are clearly visible, rather broad due to small crystallite size. The Rietveld re nement is
performed with isotropic crystallite model, the results are presented in table 4.6. Due
to the absence of cleahkO peaks, it is not practicable to get information related to the
in-plane direction. The a lattice parameter is obtained from the tting of the very weak
100 and 110 peaks, so this information is considered not reliable.

The c lattice parameter, 6.741 A, is relatively large compared with high quality graphite
(6.7106 A [53)), indicating low degree of lattice perfection. The crystallite size, 66 nm, is
quite small compared with the diameter of the bres. The small akes visible on the
surface of the bres are approximately matching this dimension, con rming the fact that
they are part of the bre structure.

Table 4.6: Granoc (long) and Cytec (short) carbon bres: graphite lattice parameters [A], isotropic
crystallite size (Lisot: ) [Nnm], MAUD texture parameters (H ;1 and Hs1) and sample displace-
ment/transparency correction (see section 3.5.2).

CFtype a* Cc Lisot H211 Hazx Z_2R s [mm]

Granoc (long) 2.461 6.741 66 3.01 3.47 -0.00210 0.262
Cytec (short) 2.456 6.763 52 1.59 2.39 -0.00149 0.186

(*) see text
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Figure 4.20: XRD pattern of Granoc carbon bres (Siemens D5000). The peak positions of ideal
graphite are shown.

0

4.1.4 Cytec carbon bres

Cytec ThermalGraph DKD pitch-based CFs are present in several investigated grades.
Their average length is 250m , therefore they are referred as short, in contrast to the
Granoc bres.

The speci cations of the ThermalGraph DKD bres from supplier datasheet are:

Nominal length: 200 m , < 20% bres < 100m , < 20%> 300 m .
Filament diameter: 10 m .
Electrical Conductivity: > 0:33MSm 1.
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4.1. Initial powders

Thermal Condctivity: 400 650 W m K 1.
Density: 2.22gcm 3.

Tensile Strength: 200 ksi ( 1380 MPa)

Young's Modulus: 100-120 Msi ( 690-830 GPa).

The bres nominal properties are lower than those of Granoc XN-100-03Z bres, how-
ever the di erence is not dramatic.

Morphology

Figure 4.21 show SEM observations of Cytec CFs. The average bre length is around
250 m , but it ranges from 50 m up to 1 mm. The cross-section of the bre shows its

graphitic nature, where some corrugation of basal planes is visible, conform to pitch based
bres.

S

Mag= 60X N. Mariani (EN/MME) Detector = SE1
EHT = 20.00 kV Date :13 Jun 2012

o
N. Mariani [EN/MME] Detector = SE1
I Date 18 Jup 2012

Mag= 150KX 2 Mag = 1200 K %
|EHT=2000WV | 1 EHT = 15.03 kv |

Figure 4.21: SEM image of Cytec carbon bres [29].
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Crystallography

The XRD pattern of Cytec CFs is shown in Figure 4.22. The graphite 002 and 004 peaks
are clearly visible, rather broad due to small crystallite size. The Rietveld re nement is
performed with isotropic crystallite model, the results are presented in table 4.6. Due to
the absence othkO0 peaks, it is not practicable to get information related to the in-plane
direction. The a lattice parameter is got from the tting of the very weak 100 and 110
peaks, so this information is considered not reliable.

The c lattice parameter, 6.763 A, is relatively large compared with high quality graphite
(6.7106 A [53)), indicating a low degree of lattice perfection. The crystallite size, 52 nm,
is quite small compared with the diameter of the bres. The Cytec bres show crystal-
lographic properties corresponding to slightly worse lattice perfection than Granoc bres
(smaller crystallite size and larger interplanar distance, see table 4.6). This matches the
di erence in nominal properties between the two type of bres.
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Figure 4.22: XRD pattern of Cytec carbon bres (Siemens D5000).

4.1.5 Molybdenum
Morphology

The SEM observations of the molybdenum powder used for the investigated materials
are shown in Figure 4.23. The patrticles are composed of aggregates of small spheroidal
particles. This indicates that the powder production process involved melting, such as
in atomization techniques. The aggregates show sizes smaller than 16 , with a mean
particle size of around 5 m . The smallest particles have diameters of less than In . The
metal purity is higher than 99.9%, given nothing else but a very weak signal of oxygen.
The phase analysis by XRD performed with the Siemens D5000 di ractometer, see Figure
4.24, shows only four sharp peaks, matching the BCC metallic molybdenum phase. The
small peak at 2 36 is due to the presence of unlteredCu k radiation. The
results of the analysis are shown in Table 4.7 The value of crystallite size J given by
MAUD is not real, as it would be too large to produce peak broadening, see section 3.5.
This indicates that real value is Ly > 1 m , therefore the observed particles are probably
monocrystalline.
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Figure 4.23: Typical morphologies of the molybdenum powder. Images with di erent secondary
electron detectors: ZEISS In-lens (left) and lateral (right).
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Figure 4.24: XRD pattern of molybdenum powder (Siemens D5000).

Table 4.7: Results of the XRD analysis for Mo powder.

Method a[A] La[nm] z 2R s [mm]
MAUD 3.1476 1494* -0.000817 0.10
Spreadsheet 3.1473 - - 0.11

1Sample displacement error correction, see section 3.5.2.

Crystallography and thermal expansion

The thermal expansion behaviour of molybdenum powder was characterised by performing
XRD analysis to a mixture (obtained by dry mixing, see section 4.2) of 4.5v0l% molybde-
num powder and balance Asbury 3260. The test was performed in air at 25-100-200-300-
400-500 C, in the Panalytical di ractometer, with parallel beam con guration to remove
sample displacement and sample transparency errors. In the acquisition at 50@C, peaks
corresponding to molybdenum oxides are clearly visible and the identi cation of molyb-
denum peaks is not possible.
The experimental points with the tting function are shown in Figure 4.25. The coe -
cients of the second degree polynomial tting are presented in Table 4.8.

The average linear thermal expansion coe cients are calculated with equation 3.21,
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Table 4.8: Molybdenum powder lattice parameter tting coe cients [A].

Param. X2 X ind: Value at 20 C agr, from [130]
a 6.092210 2 1.539010 ° 3.1475 3.1478 3.14737

3:160 :
3:158
3:156
3:154
3:152
3:150
3:148

| | | | |
0 100 200 300 400 500 600
Temperature [ C]

Lattice parameter [A]

Figure 4.25: Lattice parameter versus temperature of molybdenum powder.

using the polynomial ts of Table 4.2. The results are shown in table 4.9. The CTE
matches literature values reported in [131].

Table 4.9: Secant CTE 20 T C of Mo in the mixed powder, a parameter ( 10 ) [K 1]
T=50 100 200 300 400 500 60CC

a (this work) 5.0 5.1 5.3 55 57 59 6.1
a ([131]) 51 52 52 53 54 55 56

4.1.6 Titanium
Morphology

SEM observations of the titanium powder used for some of the investigated materials are
shown in Figure 4.26. Titanium particles show sizes smaller than 20m , with a mean
particle size of around 5 m . The smallest particles have diameters of around 1m . The
sharp edges of the particles indicate that the last step of the powder production process
did not involve melting, but mechanical milling or crushing techniques. The metal purity
is higher than 99.9%.

Crystallography

The XRD phase analysis, see Figure 4.27, shows all peaks matching the hexagonalTi
phase @ = 2:9504A and c = 4:6833A [130]).
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Figure 4.26: Typical morphologies of the titanium powder (SEM). Backscattered electron detector.

900 ] (101
e 625 —|
] 1 (o0
Eat (
7 400 -
[= (002)
Q 225 =
> . (102) M0 (103) (112)
% 100 (201) 211)
g | (203) (114)
= (004) (202) (104) (210) (212)

25

0o —————T17 71 " 1 T~ I * 1T T T T 1 T T
30 40 50 60 70 80 90 100 110 120
2Theta ()

Figure 4.27: XRD pattern of titanium powder (Siemens D5000).

4.1.7 Chromium carbide powder

The powder selected for the tests is chromium carbide grade G€,-160 from the company
H.C.Stark (Germany). The main use of this powder in the industry is as grain growth
inhibitor of WC-based hard metals for milling tools. The nominal maximum particle size
of grade 160 is 1.6m . The chemical analysis reported by the supplier is shown in Table
4.10. Another grade from the same supplier, C£C,-300, was also available with nominal
size between 2.0 and 4.0n , showing slightly lower contents of oxygen (max. 0.4 wt%)
and iron (max. 1200 ppm), however the size was prioritized for the study over these small
impurity content di erences.

Morphology

SEM observations of the CgC, powder used for some of the investigated materials are
shown in Figure 4.28. The particles show sizes smaller than 3n , with a mean particle
size of around 2 m . The smallest particles have diameters of around 0.5n . The sharp
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Table 4.10: CrC, chemical characteristics (from supplier datasheet).

Ciotal max 13.3 wt.%
o max 1.0 wt.%
N max. 1000 ppm
Fe max. 1500 ppm
S max. 200 ppm
Si max. 200 ppm
Ca max. 100 ppm

edges of the particles indicate that the last step of the powder production process did not
involve melting, but mechanical milling or crushing techniques.

10 ym \.I‘EVI:)T = ;%.00 kv Crac2 Mag= 1.50 KX .Jorge Guardia valenzuela (@[
|—| = BB mm i = Diate 17 May IMB 4
Aperture Size = 120.0 ym powder Signal A = AsB Iate ay Vs

Figure 4.28: Typical morphology of the CrsC, powder (SEM). Backscattered electron detector.

Crystallography and thermal expansion

The XRD phase analysis, see Figure 4.29, shows all peaks matching the orthorhmbic
Cr3C, phase, the peak positions are calculated with the lattice parameters resulted from
the Rietveld re nement, see Table, (a = 5:529A, b = 2:829A and ¢ = 11:489A). The
acquisition time for this test was 12 s per 0.02 step, longer than usual, to improve signal-
to-noise ratio. Still, the peaks are relatively weak compared with the strong background
( 40%). This is partly due to the uorescence of Cr under the incident Cu-k radiation,
and to the low peak intensity due to very small particle size ( 1 m ). The uorescence
of Cr occurs because the incident energy (Clk- , 8.04 keV) is larger and close to the K
absorbtion edge of Cr (5.99 keV), creating polychromatic radiation [117]. The use of other
anode materials in the X-ray tube, or a monocromator in the di racted beam side, should
eliminate the e ect of uorescence.

The experimental points with the tting function are shown in Figure 4.25. The co-
e cients of the second degree polynomial tting are presented in Table 4.8. The average
linear thermal expansion coe cients are calculated with equation 3.21, using the polyno-
mial ts of Table 4.11. The results are shown in table 4.12 and Figure 4.31.
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Figure 4.29: XRD pattern of Cr3C, powder (Siemens D5000).
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Figure 4.30: Lattice parameters versus temperature of the GFC, phase in the powder.

Table 4.11: Fitting equation for the Cr3C, lattice parameters variation (d = AT2+ BT +C, T
in C, din A). From the heating-up curves.

A

B

C

Value at 20 C idem from [132]

a -1.012010 ° 7.328510 > 5.5276
b 1.464410 8 2.999410 5 2.8287
¢ 5.338310 & 1.412810 > 11.488

5.529
2.829
11.489

5.5399
2.8327
11.4936

Table 4.12: Secant CTE 20 T C of CrzC, powder; a, band ¢ parameters ( 10 ®*m 'K 1!). From

XRD, heati

ng-up ramp.

T=30 100 200 300 400 500 600C

a
b
c
Average

13.2 13.2 13.2 13.2 13.2 132 131
109 11.2 11.7 12.3 12.8 13.3 13.8

15 18 23 27 32 36

4.1

85 87 91 94 97 100 104
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4.2 Powders mixing

The desired composition of the powders is obtained by calculating the required weight of
each component. Afterwards the powders are mixed to ensure a good homogeneity in the
sintered plate.

The technique used to mix the powders is called dry-mixing. The powder mixture
is prepared in a 3D mixing machine, dry and without any mixing media. This method
ensures good homogeneity of the mixture and maintains the original morphology of the
graphite akes.

4.3 Green body compaction

The mixed powders are uniaxially cold pressed into a green body inside a steel mould at
up to 300 MPa.

Compression-induced shear stress preferentially orients the graphite crystallites with
their basal plane perpendicular to the pressing direction (Figure 4.32). Due to the
spheroidal shape of the graphite powder, a minor part of the graphite grains is present
in other-than-the preferred orientation. Even if CFs, when present, are dispersed ran-
domly together with the other powders in the mixing machine, they likely have preferred
orientation after compaction, with their axis perpendicular to the pressing direction.

4.4  Sintering

The green body is then inserted into a tailor made graphite mould consisting in top and
bottom punches and a lateral container (Figure 4.33). This is an additional di erence
with respect to the HWLC process investigated by White and Pontelandolfo [94] where
the lateral surface was free to expand allowing the excess liquid to be squeezed out. John
and Jenkins showed that hot-working radial strain is bene cial for strengthening, up to a
certain extent when cracks appear and decrease the nal properties [97].
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*Arbitrary within
In-plane (IP) plane of isotropy
surface/directions

Through-plane (TP)
surface/direction

Figure 4.32: Preferred orientation of graphite basal planes with respect to the applied uniaxial
pressure. Naming convention for the material directions.

The sintering cycles are performed by Spark Plasma Sintering (SPS) technique. SPS, a
variation of hot-pressing, is a powder metallurgy technique that uses the ow of electrical
current through the material and the mould as heating source [133]. During the process,
temperatures in excess of2700 C can be reached, while applying a pressure of up to
35MPa. It is well known that the application of pressure thermodynamically favours
graphitisation [134]: sintering pressures are limited by the mechanical strength of the
mould.

The direct current through the electrode is typically around 15kA for plates with
an area of150cm? ( 100Acm 2), which produces a power loss in the order oflOOKW .
The morphology of the components and the manufacturing process lead to a transversely
isotropic material: the in-plane and perpendicular directions are de ned as those parallel
and perpendicular to the graphite basal planes, as shown in Figure 4.32.
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Figure 4.33: Schematic of the sintering machine used. Once sintered, the pressure-free mould is
used for the post-sintering cycle

The sintering temperature exceeds the eutectic temperature of molybdenum with car-
bon (2584 C), forming a LP containing large amounts of dissolved carbon; the eutectic
molybdenum-carbon contains 45t:% of carbon (Figure 2.14).

Since, during sintering, part of the LP ows out of the plate impregnating the graphite
mould, the nal composition results in a lower carbide content compared to the theoretical
one, based on initial Mo content. This entails di culties to calculate the actual compaction
and the nal composition, because the exact measurement of the amount of LP spill is
not practicable.

The processing temperature is controlled by means of an optical pyrometer; in the
sintering set-up used, the temperature is read on the lower punch, to limit issues related
to the very high temperatures achieved (Figure 4.33). Since a non-negligible temperature
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gradient exists between the measuring point and the core, the actual temperature during
the process can be inferred by recording the temperature at the moment of the eutectic
reaction (2584 C), which can be deduced by the change in compression speed due to
ongoing melting. The presence of molten material squeezed out of the plates con rms
that the eutectic point is reached.

The size of the nal plates is100 150mm with a thickness of around 30mm. Cylindri-
cal plates can also be produced, but the rectangular ones minimize wasted material when
collimator blocks are produced. Out of these, specimens for the characterisation as well as
full-size collimator blocks were machined, hence ushering in industrial-scale production.

Gas pressure inside the sintering machine is lower than 0:1mbar. Due to the closed
geometry of the moulds during sintering, the e ect of the chamber pressure in material
gas content might be negligible.

4.5 Post-sintering thermal treatment

After sintering, the plate is submitted to a pressure-free heat treatment aiming at releasing
the internal stresses induced by the sintering cycle. This is performed inside a special set-
up allowing the ow of current through the mould walls without the application of pressure

to the plate.

The pressure-free set-up used for the post-sintering heat treatment, see Figure 4.33,
includes openings in the mould, allowing material outgassing and improving pumping. The
chamber atmosphere during this thermal treatment is similar to the sintering conditions
described above.

4.6 Summary of production parameters

This section details the initial composition and the parameters of the sintering and the
post-sintering cycles. Each material grade is given a technical identi er. The digits of the
identi er depend on the initial content of molybdenum (or chromium), graphite, carbon
bres and titanium powders respectively. The two letters tags the di erent sintering and
post-sintering treatments respectively.

4.6.1 Molybdenum carbide - graphite (MoGr)

The di erent MoGr grades investigated are shown in Table 4.13. The relevant di erences
between each grade and the previous one are in bold. The main variables are the content of
titanium, CFs, and the sintering and post-sintering cycle parameters. Teg is the estimated
plate temperature. The sintering set-up used (Figure 4.33), as explained above, allows an
indirect temperature measurement. The time shown in the tables is the total dwell time,
which is the sum of two identical sintering cycles or one single cycle. The post-sintering
cycle is always single. The double-cycles are done to ip the plate in order to get more
homogeneous properties. This is because one-sided uniaxial compaction creates di erent
distributions of stresses in the two faces of the plate [135] which could lead to di erent
preferred orientations to the graphite crystallites.
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Table 4.13: Initial production parameters of the MG- MoGr grades.

Vol.% MG-6530Aa MG-6541Aa MG-6403Ga MG-6403Fc MG-6541Fc
Mo 4.5 4.4 4.5 4.5 4.4
Gr. Ash.3260 90.5 90.1 94.95 94.95 90.1
Short CF1 0 5 0 0 5
Long CF! 5 0 0 0 0
Ti 0 0.5 0.55 0.55 0.5

S PS S PS S PS S PS S P53
No. cycles 2 1 2 1 2 1 2 1 2 1
Test [ Cl 2600 2100 2600 2100 2600 2100 2600 2600 2600 2600
Time [s] 2400 3000 2400 3000 2400 3000 2400 3000 2400 3000
P [MPa] 35 0 35 0 35 0 35 0 35 0

1 Short carbon bres: length of 250 m , long carbon bres: 3mm
2 Sintering cycle (S), Post-Sintering thermal treatment (PS)

4.6.2 Chromium carbide - graphite (CrGr)

The grades including chromium as catalyst instead of molybdenum are shown in Table
4.14.

Table 4.14: Initial production parameters of the CG- grades

Vol.% CG-1100A0 CG-1100B0 CG-1100Ba CG-1240X
Cr3Cs 15 15 15 15
Gr. Asb.3260 85 85 85 0
Gr. Asbh.3763 0 0 0 80
Short CF! 0 0 0 5

S PS S PS S PS S PS

No. cycles 1 0 2 0 2 1 2* 0
Test: [ C] 20000 0O 2000 O 2000 2000 2000 O
Time [s] 1200 0 2400 O 2400 3000 1500* O
P [MPa] 35 0 35 0 35 0 35 0

1 sShort carbon bres: length of 250 m , long carbon bres: 3mm

Grade CG-1240X su ered a production failure, and time did not permit to repeat the
test. However, the broken pieces of the plate were big enough to extract most of the
specimens required for characterisation. It is important to note that the sudden pressure
release and the breakage itself are likely a ecting the nal properties. Still, it was decided
to characterise this plate to check the in uence of the Asbury 3763 big ake graphite
powder. The failure happened at the begining of the second sintering cycle, which was
planned to be the same as in the CG-1100B0. For this reason, the sintering time reported
is 1500 s.

4.7 Machinability

All the characterisation techniques require speci c specimen dimensions, therefore the
specimens should be extracted from the sintered plates.
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4.7.1 Conventional machining

In spite of the limited content of hard molybdenum carbides, the material is mainly com-
posed of graphite. For this reason it can be machined with conventional milling methods,
similarly to other graphitic materials. Dry machining is adopted to assure ultra-high
vacuum compatibility; a suction system equipped with lters collects the airborne dust
generated during milling. Figure 4.34a shows some of the MoGr blocks machined for a full-
size collimator test. The blocks, which include features such as functional M8 threaded
holes, chamfers or curved surfaces, are machined with a CNC milling machine. Small
specimens for mechanical characterisation have also been successfully produced (Figure
4.34b).

4
o

s

(b) Example of MG-6541Aa
(a) MG-6530Aa machined blocks for full-size collimator test.  specimens for dynamic tests ma-
External dimensions of the parts shown are 150 100 25mm chined by Brevetti Bizz. Lenght

or125 45 25mm is 30mm and threads are M6

Figure 4.34

-

Figure 4.35: Milling specimens from a sintered plate
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Figure 4.36: Slicing process with circular saw, diamond disk (@54 1mm) The conventional SiC
disk work also well, but having larger thickness they produce more graphite dust and waste more
material.

-

Figure 4.38: Diamond wire saw. Sample holder is @0mm (20:3mm wire).
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Figure 4.39: (Left) Samples extracted with the diamond wire saw. (Right) Samples milled by the
supplier.

4.7.2 Electrical discharge machining (EDM)

EDM uses arc discharge created between an electrode or wire and the material to locally
melt and cut the piece. The EDM-wire technique was tested in MoGr, giving unsatisfactory
results, see Figure 4.40. The EDM-machined surfaces shows delamination marks, in the
direction of the preferred orientation of the graphite.

This technique works well for electrically conductive materials, even those having very
high melting temperatures, such as tungsten (T, = 3422 C). Graphite does not melt at
ambient pressure, and the sublimation temperature is very high ( 4000K, see C-phase
diagram in Figure 2.1). In spite of this characteristic, Cope and Brown showed that
graphite-epoxy laminated material can be successfully machined using EDM [136]. How-
ever, they reported a volumetric removal rate of only 1 mntmin 1.

The MoGr unsuccessful EDM machining test could be due to the following reasons:

The high thermal conductivity of MoGr could prevent reaching high local tempera-
tures with the arc discharge.

Non-adequate EDM settings (no settings information is available).

LA i [

Figure 4.40: MoGr specimen (MG-6403Fc) cut with EDM-wire technique. Dimensions arés 5
25mm. Pressing direction was paralell to the long side. The smooth surfaces were milled.
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5 Characterisation results

This chapter presents the results of the analyses performed on each of the materials. At the
beginning, two pure graphitic materials are presented, to compare with the composites.
The tests include both microstructural and macroscopic characterisation results. The

discussion of these results is presented in chapter 6.

5.1 Pyrolytic Graphite (PG)

TPG (Thermal Pyrolytic Graphite) has been introduced in section 1.3.3. It is a commercial

grade of pyrolytic graphite (PG), made from decomposition of hydrocarbon gas. The

material is very anisotropic, showing very high in-plane thermal conductivity. Most of the

samples were obtained by diamond wire machining. This technique is possible for TPG

with careful sample supporting, in order to prevent delamination between basal planes.
The characterisation results are presented below.

5.1.1 Microstructure

Figures 5.1 to 5.3 depict the SEM observations of TPG (the latter corresponds to through-
plane surface). The backscattered electron (BE) images show channeling e ect, due to the
di erent scattering e ciencies of the crystallographic orientations. This permits contrast
between domains with di erent orientations.

The in-plane (IP) as-received surface shows large-scale wrinkles, possibly due to fast
deposition rates, however, there are areas with sizes up to 60 m with smoothly oriented
graphite. Figure 5.2 shows the results of a polishing trial of the IP surface. The com-
bination of texture and lubricating nature of the graphite does not allow good polishing
results on this orientation. The same polishing procedure was used successfully to obtain
mirror-like aspect in the through-plane (TP) surface.

The TP surface, shows parallel domains corresponding to the oriented graphite.

20 EHT = 10004 ag =
WO = 81 mm Sigrad &= SEZ
Apuriure Sew = 1200 s TPOL

Figure 5.1: SEM observations of IP as-received surface of TPG. (left) SE image, (right) BE image.

N 20um e Mag = 500 %
! | WD= 81mm Signad A= Al

Apwrture S = 1200 e TPGL
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5. Characterisation results
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Figure 5.2: SEM observations (SE) of polished IP surface of TPG at di erent magni cations
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Figure 5.3: SEM observations of polished TP surface of TPG. (left) SE image, (right) BE image.

These observations (SE and BE SEM characterisation) do not allow grain size mea-
surements. Figure 5.1 (right) shows contrast between areas with di erent curvatures,
with average size of around50 m , which could correspond to high-angle grain bound-
aries. Other techniques should be implemented to precisely asses the grain size, specially
those involving grain boundary revealing (chemical attack or combustion in oxygen atmo-
sphere). As explained in section 2.1.3, grain boundaries are high energy areas due to the
presence of unsatis ed bonds, which makes them more prone to chemical reactions than
defect-free areas.

5.1.2 Crystallography and lattice expansion

Several XRD analyses were performed at RT on TPG material, see Figure 5.4. The IP
surface produces very strong signal of théd0l peaks, specially the (002). A special set
of slits, much more restrictive than in the usual tests, was required to prevent saturation
of the detector. Due to the texture of graphite in TPG, the TP surface should show
only peaks related to the hkO planes, however, the (002) and (004) peaks were visible. It
was identi ed that the source of this re ections are the akes bent on the surface due to
the machining. Another test was performed after polishing the TP surface, with mirror
nishing (see Figure 1.28). The polishing was performed on the rotating soft cloth disk
using as last stepl m diamond paste. This treatment considerably reduces the intensity
of the 00l re ections, but the (002) peak is still visible.
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5.1. Pyrolytic Graphite (PG)

It is demonstrated below (lattice expansion section) that the removal of bent akes
on the surface can be further improved by polishing with manual alternative movements
parallel to the basal planes, instead of using randomly rotating movements. This cuts the
akes bent on the surface, exposing to the surface the inner oriented graphitic structure.

~N o - N < o < o N 0 ©
Graphite © o o o (=} o o - - o o
- © — — - o - — - — « O
100 —
80 —
] Cu-Kbl
60 1 TPG
40 | B cu-ka2 Through-plane
] Cu-Kb1 surface: mirror
20 J 4 polished
i A
O o L 0 e s 1 e B L s B ¥ I
2 ]
m-soi
g% PG
> 40 A Through-plane
2 i surface: machined
2 20 J
£ i N N L./\._ A A
188 L e L s s e e e e L s e
303
7 TPG In-plane surface

Cu-Kbl
20

Cu-Ka2 Special slits to reduce intensity
(prevents detector saturation with 002 peak)

10 w L‘\ {C“‘K”EJ slits: 0.1‘5°—0.15°-0.0‘5mm

0 e e e e e e e e e e e

20 25 30 35 40 45 5 60 65 70 75 80 85 90

0 55
24 (°)
Figure 5.4: TPG XRD patterns at RT.

Lattice expansion

Figure 5.5 shows the acquired XRD patterns on the TPG IP sample. The IP surface was
tested as-received. Due to the extreme preferred orientation of the graphite, only peaks
related to the basal-plane spacing appear@0). This produces that only the c lattice
parameter can be analysed. (006) peak shows smaller absolute intensity when increasing
temperature, but this e ect is completely reversible. The peak intensities and positions
during cooling down match perfectly the ones from the heating up ramp. For this reason,
this e ect is not related with changes in the surface due to the combustion, it is caused only
by the temperature. The e ect is likely due to the change in density due to the thermal
expansion, which causes that at high angles, the penetration of the X-rays increases, and
less intensity escapes the material (increased absorption).
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5. Characterisation results
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Figure 5.5: TPG IP experimental XRD patterns. The patterns aquired during cooling down (500,
300, 100 and25 C) are also showed, matching almost perfectly.

prevents that crystallites at the surface bend and produce 002 signal.

The thickness of the specimen was measured with a micrometer and the mass with
a precision scale, before and after the test: 1.031 mm and 1.030 mm respectively; this
di erence is negligible. The masses are 0.24756 g and 0.24731 g respectively, showing a
decrease oR5 g, which should be due to combustion in the air atmosphere. This shows
that high quality graphite oxidises very slowly at the temperatures of the test. In fact,

the intensity of the peaks does not decrease after the test.
Table 5.1 lists the experimental peak positions and the results of the specimen displace-
ment correction s, see section 3.5.2. The height correction and the alignment at RT match
within 30 m . This di erence probably comes from the specimen transparency error. The
cooling-down behaviour is coincident with the heating-up one, within the uncertainty of
the measurement. This con rms that for these temperatures the process is fully reversible.

Table 5.1: Graphite 2 peak positions [] in TPG IP test. Resulting lattice parameters.

(002) (004) (006) Lattice param.
T[ C] s[mm] Exp. Corr. Exp. Corr.  Exp. Corr. alAl c[A]

25 0.030 26.520 26.534 54.623 54.636 87.011 87.021 - 6.713
%100 0.006 26.475 26.478 54.509 54.512 86.795 86.797 - 6.727
o 200 -0.030 26.415 26.401 54.359 54.346 86.498 86.488 - 6.746
'% 300 -0.074 26.357 26.323 54.206 54.175 86.199 86.173 - 6.766
:<|1:J 400 -0.117 26.298 26.243 54.052 54.002 85.897 85.856 - 6.786

500 -0.169 26.242 26.163 53.900 53.828 85.596 85.537 - 6.806

600 -0.228 26.189 26.083 53.749 53.652 85.298 85.218 - 6.827
© 500 -0.177 26.245 26.163 53.901 53.826 85.597 85.535 - 6.807
E’ 300 -0.078 26.359 26.323 54.210 54.177 86.200 86.173 - 6.766
g 100 0.005 26.476 26.479 54.512 54.514 86.797 86.799 - 6.727
O 25 0.031 26.521 26.536 54.628 54.641 87.016 87.027 - 6.713

Figure 5.6 shows the acquired patterns on the TPG TP sample. The TP surface was
mirror-polished by hand, with alternative movements parallel to the basal planes. This
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5.1. Pyrolytic Graphite (PG)

the pattern that the polishing was very successful, as almost no signal from the basal-
plane spacing was acquired. Due to the extreme preferred orientation of the graphite,
only peaks related to the a lattice parameter appear (hk0). It is required to test this
orientation to analyse the a lattice parameter, as explained above. The peaks shift with
temperature in the opposite direction than the 00l peaks in the IP test, because the lattice
parameter decreases this time with increasing temperatures. Besides, the shift is much

less in amplitude. In this case, only the heating-up ramp was acquired.
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Figure 5.6: TPG TP experimental XRD patterns.
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Table 5.2 lists the experimental peak positions and the results of the specimen displace-
ment correction s, see section 3.5.2. The height correction and the alignment at RT match
within 42 m . This di erence probably comes from the specimen transparency error.

Table 5.2: Graphite 2 peak positions [] in TPG TP test. Resulting lattice parameters.

(100) (110) Lattice param.

T[ C] s[mm] Exp. Corr.  Exp. Corr. alAl c[A]
25 0.042 42.341 42.360 77.464 77.480 2.4618 -
%100 0.018 42.356 42.364 77.482 77.489 2.4616 -
o 200 -0.017 42.376 42.368 77.504 77.498 2.4613 -
% 300 -0.061 42.397 42.370 77.523 77.500 2.4613 -
% 400 -0.098 42.416 42.372 77.542 77.505 2.4611 -
500 -0.156 42.439 42.370 77.558 77.500 2.4613 -
600 -0.204 42.458 42.367 77.571 77.495 2.4614 -

A second degree polynomial is tted to the data, see Table 5.3. Figure 5.7 shows
the experimental lattice parameters in TPG, from the two tested orientations, both the
measurements and the tting curve. The values from the literature are also reported for

comparison.
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5. Characterisation results

Table 5.3: Fitting equation for the lattice parameters variation (d= AT2+ BT + C, Tin C,d
in A) in TPG. From the heating-up curves.

A B C Value at 20 C [A]
a 4.853210 9 -3.732910 ¢ 2.4619 2.4618
c 1.952810 & 1.862210 * 6.7084 6.7121

O'Z‘ 246247 I T T T - == T T 1 6:84
= oa (exp.) ma[53] | | o c (exp.) 6:82
% 2:4620 | | m c[53] 6:80
E 24616 16:78
8 2:4612 | 2552
w | 0
S 24608 1672
S

! ! ! ! ! ! - ! | i \ ! 4670
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Temperature [ C] Temperature [ C]

Figure 5.7: Lattice parameters versus temperature of graphite in TPG.

The value of ¢ extrapolated to 20 C is 6:712A. Howe et al. [53] reported a value
of 6:7106A for the unit cell dimension ¢ of graphite. The di erence between the two is
smaller than our measurement's uncertainty.

It is well known that the interplanar distance in graphite varies depending on its
quality. The highest quality graphite, perfect single crystal, shows the smallest gure
(6:7106A) and this gure becomes larger as the perfection worsens (due to wrinkles in the
basal planes). In this measurement, the result matches the ideal value, meaning that the
graphite crystallites in TPG material are of the best possible quality.

The CTE is calculated from the tting curves, the results are shown in Table 5.4 and
Figure 5.8, compared with the dilatometry technigue (see section 3.1.4). There is a slight
di erence between the results of the two techniques, but the overall matching is very good.
The results from the dilatometer in the IP direction show unusual high dispersion because
of the small change in length and the size of the tested specimens (10 mm). Longer
specimens produce lower uncertainty. If one takes the average between heating-up and
cooling down curves, the match with the XRD technique is very good.

In the TP direction, the large expansion reduces the uncertainty of the dilatometry
technique, and the two techniques match within 5%.

Table 5.4: Result of the secant CTE 20 T C of graphite in TPG ( 10 ®m K 1).

XRD (Heating) Dilatometer
T[C] a c a(H a(C) c(H) c(C)

50 -14 27.9 -1.9 -1.0 29.0 293
100 -1.3 28.1 -1.6 -1.0 29.0 293
200 -11 28.4 -1.3 -09 29.1 293
300 -0.9 28.7 -1.0 -0.7 29.2 293
400 -0.7 29.0 -0.8 -0.5 293 294
500 -0.5 29.3 -06 -04 294 294
600 -0.3 29.5 -04 -03 295 294

(H):Heating-up, (C): Cooling-down
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5.1. Pyrolytic Graphite (PG)
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Figure 5.8: Secant CTE 20-T C of graphite in TPG (XRD), compared with the dilatometer
measurement (IP: In-plane, TP:Through-plane, H: heating-up, C:cooling-down).

Bulk electrical conductivity measurements on TPG material are shown in Table 5.5. This
method allows to measure the two directions of the material, which are very di erent due
to its anisotropy. Only the results from 2 samples are reported, as the other measurements
were unsuccessful due to damage in the specimens while supporting them in the set-up,
see Figure 5.9. The distance between voltmeter probes (L) is typically kept constant with
a holder (uncertainty 0.5 mm), however for the TP specimen, it was too small and had to
be kept manually, increasing the uncertainty to around 1 mm, see Figure 5.9.

Table 5.5: 4-wire DC method electrical measurements on TPG material, see section 3.4.

IP1 IP2 AveragelP TP 1 TP 1 Average TP
d; [mm] 1.12 1.13 3.04 3.04
d2 [nm] 3.16 3.5 5.13 5.13
dz [mm] 495 495 10.15 10.15
L [mm] 30.0 30.0 5 3
Current [mA] 199.3 199.3 300.1 300.1
Av. Voltage [pV] 710 654 99167 67233

elHm]
e [MSm 1]

0.42 0.43 0.43
238 231 2.35

1030.67 1164.63 1097.65
0.00097 0.00086 0.00091

Figure 5.9: (Left) TPG IP specimens tested for bulk electrical resistivity showing damage due to
the gripping in the set-up. (Right) Test of the TPG TP specimen.

Super cial electrical conductivity measurements on TPG material are shown in Table
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5. Characterisation results

Table 5.6: Super cial electrical conductivity measurements on TPG material [MSm ]. 610
measurement points per test.

Sample 1 Sample 2 Sample 3 Average
Th. [mm] 10 1 1 -
Surface P IP TP* TP* IP IP IP IP IP
Freq. [kHz] 60 960 60 960 60 960 60 960 -

246 241 096 0.94 1.71 2.6 1.69 2.65
248 243 1.05 0.89 1.74 2.62 1.75 2.65
25 245 1.02 094 1.73 2.61 1.82 2.63
23 225 096 095 1.7 26 1.77 261
2.36 2.29 1.04 0.92 1.65 2.53 1.78 2.56
2.36 2.28 0.95 0.96 1.72 2.63 1.66 2.57
0.91 0.96 1.73 2.59 1.82 2.65

09 088 1.72 2.6 181 2.65

1.72 2.58 1.73 2.65

164 26 1.77 2.62

Average 2.41 2.35 0.97 0.93 1.71 2.60 1.76 2.62.50
RMS 0.08 0.09 0.06 0.03 0.03 0.03 0.05 0.030.13

(*) see text.

OO ~NO UL WNPE

=
o

5.6. The measuring frequency of 60 kHz is not enough for measuring the 1 mm-thick
specimens, see section 3.4 and equation 3.15 (Skin depth. The skin depth in 60 kHz
measurements is larger than the 1 mm-thick specimens (= 1:3mm for ¢=2:4MSm 1).

In the 10 mm-thick specimen, the variation in frequency does not alter the result, within
the error of the measurement (5%).

The average of the IP tests, excluding those done at 60 kHz in 1 mme-thick speci-
mens, is 2.50 MSm?. The results from the 4-wire DC method are compatible within the
uncertainty of the measurements.

The average value between the two methods is 2.4 MS nt and is taken as reference for
TPG material. This value is very close to the best reported measurements in PG materials
(2.5MSm 1), see section 1.4.

The TP-surface measurements give a 3D average value of TP and IP directions, hence
not practical. However, they are reported for reference because they are measurements on
a known anisotropic material.

5.1.4 Thermophysical properties

The density at RT measured with the Archimede's method is 2.26%gcm 3. This is in
agreement with the value reported by the supplier (2.25cm 3) and is almost as high as
the lattice density of graphite (2.265gcm 2 [53], see section 3.5).
The variation of density with respect to temperature, (T), is shown in Figure 5.10.

(T) is calculated as explained in section 3.1.4, from the volumetric expansion coe cient
( v). The latter is three times the average linear CTE ( average), Which is obtained from
the linear coe cients in the two directions. The density variation is small, moving from
2.261 to 2.12gcm?® in the range 20 2000 C. This variation does not produce a relevant
change in the thermal conductivity calculation (see Figure 5.14). For this reason, for the
rest of investigated materials, the density variation with temperature is neglected fork
calculation.
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Figure 5.10: Density of TPG versus temperature. values required for its calculation ( p and
Tp are tted as linear functions from the experimental data).

The thermal di usivities and the speci c heat of TPG are shown in gures 5.11, 5.12
and 5.13.
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Figure 5.11: Thermal di usivity of TPG IP direction. Fitting equation constants: A = 4388,
B =36:12 Tp = 8425 m =0:6313and Ay = 23:87. Specimens thicknesses: 12, 10 and 8 mm
respectively.
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5. Characterisation results
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Figure 5.12: Thermal di usivity of TPG TP direction. Fitting equation constants:

B =85:60, To = 1109, m =0:9799and Ay = 0:5703 All specimens with thickness 1 mm.
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Figure 5.13: Speci c heat of TPG. Fitting equation constants: a=11:67, b=1:644, c= 3:728-4
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and d = 0:02191

The specic heat Cp curve is roughly the same than the data reported for POCO
AXM-5Q graphite (a = 11:07, b = 1:644, ¢ = 3:688-4 and d = 0:0219) [137]. The
Cp:20 ¢ Value is 0.690, slightly lower than 0.719 g K ! of POCO graphite. The same

tting function is used also for the C, of the materials investigated in this thesis.

The thermal conductivity k is calculated from the di usivity, speci ¢ heat and density,
see Figure 5.14. The IP values reach 1710.0W K *at 20 C, while the TP conductivity

isonly 79Wm K 1
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Figure 5.14: Thermal conductivity of TPG in both directions. Calculated both from (T) (see
Figure 5.10) and from constant density.
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Thermal expansion measurements are shown in Figures 5.15 and 5.15. It is important
to note that in the TP direction, only test TP4 is considered. The rest of TP measurements
show abnormally high , reaching 40 10 ®K 1, due to experimental errors. The tp of
TPG is thus around 30 10 ®K 1 inthe range 20 600 C, which matches quite closely the
expansion behaviour characterised by XRD (see Table 5.4).

p average values are tabulated in Table 5.4, being -0.310 ®K ! (cooling-down
ramp) in the range 20 600 C.
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Figure 5.15: CTE TPG IP. All specimens with length 25 mm.
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Figure 5.16: CTE TPG TP. All specimens with length 10 mm.

5.1.5 Mechanical properties

The IP bending test curves are shown in Figure 5.17. The average maximum strength is
255 0:4MPa and the average strain to rupture is820 30pmm 1. The nominal size of
the specimens is 510 50 mm, being 5mm the TP direction. The test jig span is L=40
mm and the loading span is L/2 (four point con guration).

Tests in the TP direction are not available, because the maximum available specimen
length was 10 mm, which is too short for conventional testing.

30
25}
20

Emax  65GPa

151

Stress [MPa]

—IP1 |
—1P2
—IP3
| | | | | | | | |
0 100 200 300 400 500 600 700 800 900
Strain [pmm 1]
Figure 5.17: Bending test of TPG.

The elastic constants could not be identi ed with the IET method. Only the exural
frequency () of IP specimens was acquired, the torsional frequency excitation was not
successful, see Table 5.7. Therefore, unless most of the elastic constants are arbitrarily
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5.2. Graphite R4550

estimated, the elastic matrix cannot be reverse engineered. It is expected that the IP
Young's modulus is in the order of 65 GPa, as seen in the bending test (Figure 5.17).

Table 5.7: IET test of TPG.

Specimen m [g] L [mm] b [mm] t [mm] [kHZ]

1 58 5003 1016 510 6713
2 59 5004 1033 508 6765
3 592 50.00 1038 511 6741

Average 5.87 50.02 10.29 510 6740

5.2 Graphite R4550

Graphite R4550 is introduced in section 1.3.3. It is a commercial arti cial graphite, more
speci cally, it is a ne-grained isotropic nuclear graphite grade. The material processing
results in isotropic properties, hence only one direction is characterised. The characteri-
sation results are presented below.

5.2.1 Microstructure

SEM observations of graphite R4550 are shown in Figure 5.18. The image shows homo-
geneous distribution of pores, with average size of aroundOum and maximum size of
20um. The pore shape does not show preferred orientation, corresponding to isotropic
structure.

[

A GR4550 Jorge Guardia EN-MME
WD= 8mm EHT=10.00 kV inh Date :23 Jun 2016

Figure 5.18: SEM observation of polished Graphite R4550 surface

5.2.2 Crystallography and lattice expansion

Figure 5.19 shows the acquired XRD patterns on the graphite R4550 sample. This material
is isotropic, therefore no speci ¢ orientation was tested. The surface was mirror polished
(1 m diamond paste) in order to remove crystallites bent or damaged by the cutting
process.
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5. Characterisation results

The peaks are broad, making di cult the manual identi cation of their position. This
is due to small crystallite size. For this reason, these XRD patterns were analysed by Ri-
etveld re nement, calibrating the instrumental broadening with LaB g powder. The results
of the analysis are shown in table 5.8, including the specimen displacement correction
calculated by MAUD (from Z_2R parameter), see section 3.5.2.
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Figure 5.19: Graphite R4550 experimental XRD patterns.

Table 5.8: Result of the lattice parameters of graphite in R4550, from MAUD Rietveld re nement.
T[C] z2R s[mm] alA]l c[A]

25 -7.0310 ¢ 0.001 2.4623 6.764
%100 3.3410 4 -0.040 2.4622 6.780

> 200 53710 4 -0.064 2.4619 6.797
% 300 8.9910 4 -0.108 2.4618 6.817
© 400 1.1510 3 .0.139 2.4616 6.835
500 1.5910 3 -0.191 2.4618 6.855
600 2.1510 3 -0.258 2.4620 6.877

A second degree polynomial is tted to the data, see Table 5.9. Figure 5.20 shows
the graphite experimental lattice parameters in R4550, both the measurements and the
tting curve. The values from the literature are also reported for comparison, indicating
incomplete graphitisation level.
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5.2. Graphite R4550

Table 5.9: Fitting equation for the lattice parameters variation (d= AT2+ BT + C, Tin C,d
in A) in R4550. From the heating-up curves.

A B C Value at 20 C [A]

a 5.451710 ° -4.140910 ¢ 2.4625 2.462(4)

c 2.576810 & 1.769510 4 6.7605 6.764
o? . T T T T T T T T ]
= 214628 oa (exp.) ma[53] | | o c(exp.) | 288
£ 24624 = c[53] 16:84
= 3 -16:82
S 214620 1 g;gg
S 2:4616/" 1 6:76
* &
5 24612 F 6
3 ! ! ! ! ! ! . ! \ ! ! H6:70

0 100 200 300 400 500 600 0 100 200 300 400 500 600

Temperature [ C] Temperature [ C]

Figure 5.20: Lattice parameters versus temperature of graphite in R4550.

The secant CTE is calculated from the tting equation, see Table 5.10. The comparison
with the macroscopic CTE, measured with the dilatometer, shows that the crystallites
must be randomly oriented to show that macroscopic behaviour. The crystallite average
CTE2 50 cis(2 ( 1:5)+26:4)=3=7:8( 10 ®m 1K 1), therefore there must be an
e ect of the porosity, decreasing the CTE. It could also be that the a thermal expansion
weighs more due to the stronger atomic bond and so the macroscopic result is lower than
the crystallite average.

Table 5.10: Result of the secant CTE 20-T C of graphite in R4550 ( 10 ®m 1K 1),

XRD (H) Dil. average

T[C] a ¢ (H) ©
50 -15 26.4 45 3.9
100 -1.4 26.6 4.6 4.0
200 -1.2 27.0 4.7 4.1
300 -1.0 274 4.8 4.3
400 -0.8 27.8 4.9 4.4
500 -0.5 28.1 4.9 4.5
600 -0.3 285 5.0 4.6

(H):Heating-up, (C): cooling-down.

5.2.3 Electrical conductivity

Bulk electrical conductivity measurements on R4550 graphite are shown in Table 5.11.

Only two measurements were performed, giving an average resistivity af26 41 m or con-

ductivity 0:08 MSm 1, which match the speci cation in the supplier's datasheet (13u m ).
This material has too low conductivity for the Sigmatest device to measure it.
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5. Characterisation results

Table 5.11: 4-wire DC method electrical measurements on graphite R4550, see section 3.4.

Sample 1 Sample 2 Average
dy [mm] 13.88 13.91

dz [mm] 3.89 3.10
ds [mm] 26.52 26.51
L [mm] 9.5 9.5
Current [mA] 75.1 75.1

Av. Voltage [uV] 169.4 205.3

e[um] 12.83 12.42 12.62
e [MSm 1] 0.078 0.081 0.079

5.2.4 Thermophysical properties

The density of Graphite R4550 measured from the mass and dimensions of several paral-
lelepiped specimens i4:830 g cm 3, which is the same value than in the material datasheet.
The vol.% of porosity, with respect to fully dense graphite is in the order of 18.7%. The
Archimede's measurements in this porous material do not count the open porosity, reach-
ing values of1:9gcm 3.

The thermal diusivity a and the specic heat (Cp) of graphite R4550 are shown
in gures 5.21 and 5.22. The conductivity (k) is calculated with equation 3.1 assuming
constant density (1:830gcm 3), see Figure 5.23. Thek plot shows a maximum between
0 and 20 C. It is important to note that neither a(T) nor Cp(T) tting functions have
a maximum around those temperatures, so thek peak is the result of the multiplication
of a(T) and Cp(T) values. No measurements under 25 C are available to verify this
behaviour, therefore it could just be due to the tting functions.

80 ‘ ‘ ‘ ‘
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ax c =72:8 . y
— 70 20 ¢ x Sample 2
o 60 \ o Sam_ple 3
E 507 = — Flt
e
— 40 i
2 2! m
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2 20
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| | | | | | | | |
0O 200 400 600 800 1;000 1;200 1;400 1,600 1;800 2;000
Temperature [ C]

Figure 5.21: Thermal di usivity of isotropic graphite R4550. Fitting equation constants: A =
9210, B = 109:1, To = 8284, m = 0:4547 and Ay = 3:835 All specimens with thickness
3mm.
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Figure 5.22: Specic heat of R4550. Fitting equation constants: A = 11:08 B = 1:644, C =
3:744E-4 and D = 0:02191

100:0 rrrrrrrrprrr oo T e T
90.0 koo ¢ = 95:3 — =1.83gcm 3
800
700
60.0 |-
500
40.0 -

- T A
30'OO 200 400 600 800 1,000 1;200 1;400 1,600 1,800 2;000

Temperature [ C]

k Wm 'K 1

Figure 5.23: Thermal conductivity of isotropic graphite R4550.

Thermal expansion measurements are shown in Figure 5.24. Thdl=Lgy curves are
tted with a 6th degree polynomials in order to calculate the average CTE and to smooth
out experimental errors close to room temperature. The change in length after the cooling-
down ramp (-0.015 %) indicates that the specimens shorten after the 20 1950 20C cycle,
but the magnitude is negligible.

The behaviour is remarkably similar in the three tested specimens, with little di er-
ences between heating-up and cooling-down ramps. values are tabulated in Table 5.10,
being 4.5 10 ®K ! (cooling-down ramp) in the range 20 500 C.
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Figure 5.24: CTE R4550 IP. All specimens with length 25 mm.

5.2.5 Mechanical properties

The bending test curves are shown in Figure 5.25. The average maximum strength is
612 3:0MPa and the average strain to rupture is 7150 410umm *. The supplier
speci es a exural strength of 60 MPa; the results are thus compliant with the datasheet.
The nominal size of the specimens is 510 25 mm, the test jig span is L=20 mm and the
loading span is L/2 (four point con guration).

70
60 1
50 1
a0l E= 11:5GPa

30| - :
201 . —1IP1
- —IP2
10- —1P3

| | | | | | | |
00 1,000 2;000 3;000 4;000 5;000 6;000 7,000 8;000

Strain [umm 1]
Figure 5.25: Bending test of graphite R4550.

Stress [MPa]

Only the exural frequency () of IP specimens was acquired with the IET method,
the torsional frequency excitation was not successful, see Table 5.12. As the material is
isotropic, the analytical calculation of the Young modulus is feasible, according to the
standard ASTM C1259-01. The resulting average Young's modulus is 11.5 GPa, which

136



5.3. Molybdenum carbide - graphite MG-6541Fc

matches perfectly the slope in the elastic domain of the bending test plot (Figure 5.25),
and the material speci cation.

Table 5.12: IET test of graphite R4550. Young modulus analytically calculated according to
standard ASTM C1259-01.

Specimen m [g] L [mm] b [mm] t[mm] [kHz] E [GPa]

1 23 2497 999 503 1845 11.50
2 232 2498 10.02 5.05 1855 11.58
3 227 2501 9.88 5.04 18.46 11.48
4 232 24.95 9.98 5.08 18.65 11.54
5 23 2497 10.02 504 18.50 11.47

Average 11.51

The rest of elastic properties are estimated thanks to the similarities between this
grade and POCO 9Q ne grained graphite grade characterised in reference [138]. With
respect to R4550, POCO 9Q has the roughly the same porosity content (18.7%, considering

gr =2:25gcm 3) and very similar Young's modulus (11.35 GPa) [138]. Therefore, it is
reasonable to assume that both grades have very similar elastic matrix. The reported
Poisson's ratio for POCO 9Q is 0.251 [138]. Using E=11.5GPa and =0.25 in formula
E.10 results in an estimated shear modulus of G=4.6 GPa for R4550 grade.

5.3 Molybdenum carbide - graphite MG-6541Fc

MoGr grade MG-6541Fc is introduced in section 1.3.3. The material processing parameters
are detailed in section 4.6. The characterisation results are presented below.

5.3.1 Microstructure

Figure 5.26 shows SEM observations of polished MG-6541Fc TP surfaces. The as-polished
surfaces show a connected graphite matrix (dark) with molybdenum carbide particles
(bright) having an average size of5 m . It is possible to appreciate how the carbides tend
to elongate in the direction orthogonal to the force (pressing force was vertical on gure
5.26), lling the voids between graphite akes. The observations show good compaction.

{ 19 EHT = 10.00 WY ag =
| WO = 85 mm Signal A = AsE
Aparture Seow = 120.0 pen MGESA1Fe T HAMTM spars

Figure 5.26: SEM observations of MG-6541Fc TP surface, pressing force was vertical. (Left) SE
image. (Right) BE image, showing channeling e ect. This allows identi cation of domains where
the crystallographic orientation is approximatelly constant (grains).
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5. Characterisation results

Careful Scanning Electron Microscopy examination of the fracture surfaces of bending
test specimens revealed no visible trace of CFs. The diameter of the CFsLQ m ) is
probably small enough to be dissolved and re-precipitated by the molten Mo-C phase.
A similar e ect was observed but in solid nickel at much lower temperature (1100 C)
in [77], where the dissolution-reprecipitation mechanism managed to completely dissolve
and recrystallize CFs. In early MoGr grades, which were processed below the eutectic
temperature, the CFs were not dissolved and were clearly visible in the microstructural
examinations as bundles of agglomerated CFs [29]. The dissolution of the carbon bres is
discussed in Chapter 6.3.

5.3.2 Crystallography and lattice expansion

Figure 5.27 shows the XRD analysis of MG-6541Fc, including IP and TP surfaces. The
TP surface shows reduced intensity in theOO peaks, such as (002). The carbide peaks
correspond to the cubic (FCC) -MoC; 4 phase, stabilised by the Ti addition.
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Figure 5.27: MG-6541Fc IP and TP XRD patterns.

Figure 5.28 shows the high temperature diraction patterns on the MG-6541Fc TP
sample. The TP surface was sanded with P1200 sandpaper. The test shows that new
peaks appear above 500C, which correspond to molybdenum oxides. The oxides are
not characterised, as they would not form in collimators' normal operation (ultra-high
vacuum). The intensity of the carbide peaks decreases as the oxides are formed. The
intensity of the oxide peaks continue increasing also during cooling down, down to 50@
when the carbides stop oxidizing. The pattern shows an interesting e ect. some overlap-
ping graphite-carbide peaks separate in opposite directions as the temperature increases,
due to the negative CTE of graphite a parameter, see Figure 5.29.

It is very important to note that the orientation of this sample implies that the 00l
planes analysed, such as (002), are those oriented parallel to the surface (TP), and not in
the IP direction, see Figure 4.32.
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Figure 5.28: MG-6541Fc TP experimental XRD patterns. The patterns aquired during cooling

down (500, 300, 100C are not showed).

Fo 25C

| [l Gr(110)

—— Fo_200°C | |I||II :>
I

——— Fo_300°C I';l' }
f contraction

[—F=c] || Gr.(110)?
I

Fc_400°C
Fe_500°C
— Fc¢_600°C

s U MoC (222)
[\
[ expansion .
[ T J {
/Cu-Kal J1 7 %
7o 5 T80 smemc) 70 s 789 Zrmeta ()

Figure 5.29: Graphite (110) and -MoC; 4 (220) overlapped peaks shifting in opposite directions.

Tables G.1 and G.2 (Appendix G) list the corrected peak positions and the results
of the lattice parameters of graphite and -MoC; x FCC carbide. The specimen dis-
placement corrections is calculated as explained in section 3.5.2. The matching between
heating-up and cooling-down ramps is virtually perfect, which con rms that the phases
are stable (except for the oxidation reaction) and that the process is fully reversible for
these temperatures.

Second degree polynomials are tted to the data, see Table 5.13. Figure 5.30 show the
graphite experimental lattice parameters in MG-6541Fc, both the measurements and the
tting curve. The values from the literature are also reported for comparison, indicating

139



5. Characterisation results

complete graphitisation. Figure 5.31 shows the same information but for the -MoC1
phase.

Table 5.13: Fitting equation for the lattice parameters variation (d= AT2+ BT+ C, Tin C,d
in A) in MG-6541Fc. From the heating-up curves.

A B C Value at 20 C

a (Graphite) 2.833310 ° -2.532810 ¢ 2.4618 2.461(7)

¢ (Graphite) 1.914210 8 1.795910 4 6.7071 6.711

a( -MoCy ) 1.488510 & 2.255510 ° 4.2635 4.264
O'Z' 246247 T i T T T T T T
— oa (exp.) ma [53] o ¢ (exp.) 6:82
% 2:4620f 1 = c[53] 6:80
£ 24616 16:78
3 -16:76
3 2:4612 1674
L . 16:72
E 2:4608 | | | | | | = | | | ! ! - 6:70
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Figure 5.30: Lattice parameters versus temperature of graphite in MG-6541Fc.
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Figure 5.31: Lattice parameters versus temperature of -MoC; x in MG-6541Fc.

The CTE is calculated from the tting curves, the results are shown in Table 5.14 and
Figure 5.32.
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5.3. Molybdenum carbide - graphite MG-6541Fc

Table 5.14: Result of the secant CTE 20-T C of graphite and -MoC; x in MG-6541Fc TP
( 10 ®m 'K 1). Heating-up ramp.

T[ C] a(Gr.) c (Gr) a(MoC)

50 -09 270 5.5
100 -09 271 5.7
200 -0.8 274 6.1
300 -0.7 277 6.4
400 -0.5 28.0 6.8
500 -0.4  28.2 7.1
600 -0.3 285 7.5

271 a—a A A & | |—e— a (Graphite)
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Figure 5.32: Secant CTE 20-T C of graphite and -MoC; x in MG-6541Fc (from XRD).
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5.3.3 Electrical conductivity

Super cial electrical conductivity measurements on MG-6541Fc are shown in Table 5.15.
The variation in measuring frequency does not signi cantly alter the result, but there is
a clear tendency to slightly higher values with increasing frequencyf (lower penetration
depth).

The average result from the IP tests is 1.04 MS m? at the highest available frequency.
No tests with the 4-wire DC method were performed in this grade, therefore the TP
direction conductivity is not characterised.

The TP-surface measurements reported in Table 5.15 consist of a 3D average value
of TP and IP directions, due to the measurement technique used. They are hence not
practical for the characterisation. However, it may be possible to infer from them the
actual TP conductivity; unfortunately the attempts to do it were unsuccessful.

Table 5.15: Supercial electrical conductivity measurements on 10 specimens with size
12.5 10(TP) 125 mm. Six measurement points per specimen. (*) See text.

Surface f [kHz] 1 2 3 4 5 6 7 8 9 10 Average rwms

IP 60 1.12 0.94 1.03 1.16 1.00 0.93 0.95 0.98 1.02 1.07 1.02 0.08
IP 960 1.11 0.97 1.07 1.21 1.04 0.95 0.98 0.97 1.04 0.09
TP* 60 0.50 0.50 0.49 0.45 0.42 0.43 0.44 0.43 0.43 0.46 0.45 0.03
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5.3.4 Thermophysical properties

The density at RT measured with the Archimede's method is2:515gcm 3,

The thermal di usivity (IP and TP) and the speci ¢ heat of MG-6541Fc are shown in
Figures 5.33, 5.34 and 5.35 respectively. The mathematical functions that t the exper-
imental data are shown in the plots. The conductivity is calculated from the di usivity
and speci ¢ heat tting curves, assuming constant density (2:515g cm 2), see Figure 5.36.
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Figure 5.33: Thermal di usivity of MG-6541Fc IP. Fitting equation constants: A = 725:4, B =
55:69, To = 34:86, m =0:4819and Ay =5:162 All specimens with thickness 8 mm.
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Figure 5.34: Thermal di usivity of MG-6541Fc TP. Fitting equation constants: A =42:13, B =
62:65 To= 4371, m=0:5325and Ag = 1:572 All specimens with thickness 2mm.
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Figure 5.35: Specic heat of MG-6541Fc. Fing equation constants: A = 3:860, B = 1:437,
C =3:786E-4 and D = 3:77%-4.
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Figure 5.36: Thermal conductivity of MG-6541Fc in both directions. Calculated from constant
density.
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Thermal expansion measurements (IP and TP) are shown in Figures 5.37 and 5.38.
None of the measurements shows abrupt changes in the thermal expansion behaviour,
which could indicate phase transitions. Therefore the -MoC; x carbide phase (stabilized
by Ti) seems to be stable in the range of temperature investigated (20 1950C). This
would be con rmed by XRD measurements heating up to those temperatures.

The dl=Lo curves are tted with a 8th degree polynomials, one for each orientation, in
order to calculate the average CTE and to smooth out experimental errors close to room
temperature. The di erences between heating-up and cooling-down ramps could be due
to accommodation of the specimen in the sample holder. The change in length of the TP
specimens (0.173 %) is much larger than of the IP specimens (0.007 %, negligible), indicat-
ing relevant relaxation of internal stresses after the 20 1950 20 C cycle. Positive residual
strain parameters indicate that the specimens lengthen after the test. The comparison of
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5. Characterisation results

micrometre measurements before and after the test con rms this behaviour (in the IP, the
change is in the order oflum, therefore undetectable).

The IP cooling-down ramp shows a more constant CTE, with a value of 2.0 10 6K 1
in the range 20 1000 C. On the other hand, the cooling-down TP value is 13.8 10 °K 1
in the same range of temperatures.
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Figure 5.37: CTE MG-6541Fc IP. All specimens with length 10 mm.
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Figure 5.38: CTE MG-6541Fc TP. All specimens with length 10 mm.
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5.3.5 Mechanical properties

The bending test curves are shown in Figure 5.39. In the IP direction, the average maxi-
mum strength is 81:4 4:2MPa and the average strain to rupture is1760 70pumm 1. In
the TP direction, the average maximum strength is10:6 1:0MPa and the average strain
to rupture is 4920 1080pmm 1.

The nominal size of the specimens, the test jig span (L) and the loading span are listed
below. All the test were made with four point con guration.

IP1-IP4: 5 10 55 mm, L=50 mm, loading span=L/2.
TP1-TP5: 5 10 25 mm, L=20 mm, loading span=L/2.
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Figure 5.39: Flexural test MG-6541Fc. (*) Specimens IP4, TP1 and TP5 tested without strain
gauge, specimens TP1 and TP5 tested with laser extensometer.
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5. Characterisation results

Impact Excitation Technique (IET) results are shown in Table 5.16. The exural
and torsional resonance frequencies were acquired. The results from the Finite Element
Modeling (FEM) analysis are reported in Table 5.17. It is shown that the results from the
analytical formula are deviated with respect to the FEM optimisation, and show in fact
non-physical derived Poisson's ratio. The FEM method is more accurate, in accordance
with the elastic properties theory.

The Poisson's ratios do not have relevant in uence in the resonance frequencies, (see
section E.5), hence they cannot be characterised with this method. For this reason,xy
and xz were set to 0.1 (not optimised), which is a reasonable value considering the
composition of the material (see section E.6). yz is derived from Ey and Gy, see
equation E.8.

Table 5.16: IET test of MG-6541Fc, experimental resonance frequencies of IP and TP specimens.
Frequencies resulted from the FEM optimisation. (: exural, ft: torsional).

Specimen m[g] L [mm] b[mm] t[mm] [kHz] ft [kHZ]

IP1 6.57 5494 10.04 4.70 8.500 -
P2 6.53 5460 10.23 4.69 8.890 16.620
IP3 6.71 5475 10.25 480 8.770 16.300
P4 6.55 55.13 10.07 471 8.380 16.560
Average TP: 5486 10.15 4.73 8.635 16.493
FEM optimisation: () () ) 8.497 15.814

TP 1 3.181 25.03 10.06 5.08 10.184 18.764
TP 2 3.188 25.04 10.06 5.06 10.080 18.734
TP 3 3.183 25.04 10.06 5.03 10.272 18.952
TP 4 3.195 25.05 10.05 5.06 10.256 18.997
TP 5 3.143 25.04 10.07 5.00 9.977 18.522
Average TP: 25.04 10.06 5.05 10.154 18.794

FEM optimisation: () () () 10.263 18.916

Table 5.17: Elastic properties of MG-6541Fc resulted from the IET analysis.

Ex Ey Ez Gxy Gyz Gxz vz xy «xz
FEM optimisation 4.7 84.1 84.1 4.1 37.4 4.1 0.123 0.1 0.1
Analytical ! 48 752 752 40 162 40 132 - -

! From analytical formula (ASTM C1259-01), for comparison purposes.
2 Non-physical, derived from Ev and Gyz, see equation E.8.

5.4 Chromium carbide - graphite CG-1100Ba

CG-1100Ba material belongs to the Chromium carbide - graphite family, a variation of
the MoGr family (introduced in Section 1.3.3). It features the advantages described in
Chapter 2; the main di erence with respect to MoGr is the replacement of molybdenum by
chromium. The material processing parameters are detailed in Section 4.6. The specimens
used for characterisation are shown in Figure 5.40.

The characterisation results are presented below.
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5.4. Chromium carbide - graphite CG-1100Ba

Figure 5.40: CG-1100Ba specimens for characterisation machined by Brevetti Bizz.

5.4.1 Microstructure

Figure 5.41 shows SEM observations of polished CG-1100Ba TP surfaces. The as-polished
surfaces show a connected graphite matrix (dark) with chromium carbide particles (bright)
having an average size ol0 m , a small fraction of the particles have sizes smaller than
5m . It is possible to appreciate how some carbides tend to elongate in the direction
orthogonal to the force (pressing force was vertical on gure 5.41), lling the voids between
graphite akes.

The contrast visible in the graphite matrix allows to identify the alignment of the
graphite basal planes. The texture shows that it is not perfectly perpendicular to the
pressing force (vertical), which helps in reducing anisotropy.
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5. Characterisation results
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Figure 5.41: SEM observations of CG-1100Ba TP surface, pressing force was vertical. (Left) SE
image. (Right) BE image. The SE image shows channeling e ect in graphite, allowing identi cation
ofcrystalline domains.

5.4.2 Crystallography and lattice expansion

Figure 5.42 shows the XRD analysis of CG-1100Ba, including IP and TP surfaces. The
TP surface shows reduced intensity in theOO peaks, such as (002).

The carbide phase is identi ed as a modi cation of Cr3C, orthorhombic phase [139,
140]. This modi ed structure was found to exist with two chemical variations: one where
some chromium is substituted by vanadium, CeVC,, and another one where some carbon
is replaced by nitrogen, Ci(C,N), [140]. Both of them exhibit the same orthorhombic
structure and similar lattice parameters. The phase with V has slightly larger parameters
than those of Cr3(C,N), [140].

Vanadium is not used during the material's production and would be easily detectable
with EDS analysis. EDS analyses on the nal material have not shown detectable impurity
content, including both V and N. However, due to the high detection limit of this technique,
other analytical methods should be used to con rm the presence of trace amounts of these
elements. Air contains 78vol.% nitrogen, and could be put in contact with the carbide
during the high-pressure compaction of the powders and subsequent sintering at Cr-C
liquid phase temperature (2000 C). For this reason, the stabilizing agent is likely to be
nitrogen. The atomic ratio Cr-C measured by EDS in the carbide particles of CG-1100B0
is 58.3-41.7, a bit richer in C than CrC, (60-40). This small di erence could be due to
the surrounding graphite matrix being partially detected as well.
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5.4. Chromium carbide - graphite CG-1100Ba
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Figure 5.42: CG-1100Ba IP and TP XRD patterns.

Some molten material coming out from the plate was also analysed with XRD, and
surprisingly the chromium carbide phase was di erent than inside the material, see Figure
5.43. Two pieces of material were analysed, one coming from the rst sintering cycle (CG-
1100A0) and another form the second subsequent cycle to the same plate (CG-1100B0).
Both of them showed the same carbide phase than in the original carbide powder, or-
thorhombic Cr3C, (plus high quality graphite, precipitated from the Cr-C liquid phase).
CG-1100A0 molten material shows larger relative graphite content with respect to CG-
1100B0, seen in the relative intensity of the carbide peaks. More details of these molten
material are shown in section 6.6.

This could be explained by the release of nitrogen when the molten spill is depressurised
outside of the mould. The molten phase do not necessary cool down immediately when
leaking from the mould, as the latter is expected to be at similar temperatures than the
inner sintered plate. Therefore, there is likely time for di usion processes to take place.
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Figure 5.43: Cr-C molten phase XRD patterns, compared with CgC, powder.

Figure 5.44 shows the high temperature patterns on the CG-1100Ba TP sample. The
TP surface was sanded with P1200 sandpaper. The test shows that no new peaks due
to oxidation, even at the highest investigated temperature (600 C). This is interesting,
considering that the atmosphere is air. The intensity of the (002) peak decreases after
the stay at high temperature. On the other hand, the intensity of the (110) peak slightly
increases. This is most likely caused by the removal of super cial bent akes on the TP
surface, by combustion in air. This removal exposes more the inner TP surface, and the
hkO planes produce stronger re ections. Indeed, the graphite (110) peak does not change
in intensity upon cooling down. The shifting di erences of the peaks are related to the
di erent thermal expansion behaviour.

As explained above, the carbide phase is identied as G(C,N),, a modi cation of
Cr3C, structure.
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Chromium carbide - graphite CG-1100Ba
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Figure 5.44: CG-1100Ba TP experimental XRD patterns.

Tables G.3 and G.4 (Appendix G) list the corrected peak positions and the results
of the lattice parameters of graphite and Cr3(C,N) > orthorhombic carbide. The specimen
displacement corrections is calculated as explained in section 3.5.2. The matching between
heating-up and cooling-down ramps is virtually perfect, con rming that the process is fully
reversible for these temperatures.

Second degree polynomials are tted to the data, see Table 5.18. Figures 5.45 and 5.46
show the experimental lattice parameters of graphite and Cg(C,N)» in CG-1100Ba, both
the measurements and the tting curve. The graphite parameters from the literature are
also reported for comparison, indicating complete graphitisation.
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Figure 5.45: Lattice parameters versus temperature of graphite in CG-1100Ba.
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Figure 5.46: Lattice parameters versus temperature of GJ(C,N), in CG-1100Ba. Isostructural
phase CrVC, parameters are reported for comparison [141].

Table 5.18: Fitting equation for the lattice parameters variation (d= AT2+ BT+ C, Tin C,d
in A) in CG-1100Ba. From the heating-up curves.

A B C Value at 20 C [A]
a Gr 4.031310 ° -3.626710 6 2.4621 2.462(0)
c Gr 2.354510 & 1.772110 4 6.7081 6.712
a Crz(C,N), 7.110110 ° 2.697710 ®> 2.8486 2.849
b Cr3(C,N), 5.094810 8 3.554210 > 9.2637 9.264
c Cr3(C,N), 2.910410 & 7.630010 ° 6.9623 6.964

The CTE is calculated from the tting curves, the results are shown in Table 5.19 and
Figure 5.47.
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5.4. Chromium carbide - graphite CG-1100Ba

Table 5.19: Result of the secant CTE 20-T C of graphite and Cr3(C,N), in CG-1100Ba
( 10 ®m 'K 1). Heating-up ramp.

Graphite Cr3(C,N)»
T[C] a ¢ a b c Aw

50 -14 266 9.6 42 112 84
100 -1.3 268 9.8 45 115 8.6
200 -1.1 27.2 10.0 5.0 11.9 9.0
300 -0.9 275 10.3 5.6 12.3 94
400 -0.8 279 105 6.1 12.7 9.8
500 -0.6 28.2 10.8 6.7 13.1 10.2
600 -0.5 286 11.0 7.2 13.5 10.6

; —e— a Graphite

281 A A A | |—=— ¢ Graphite

241 | |—e— aCr3(C,N)>
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Figure 5.47: Secant CTE 20-T C of graphite and Cr3(C,N), in CG-1100Ba (from XRD).

5.4.3 Electrical properties

Electrical conductivity measurements were performed with two methods: 4-wire DC and
super cial eddy-current techniques (sigmatest), see section 3.4. The results are presented
in gure 5.48, which depicts the average values and their rys, represented by the error
bars. Unfortunately, the initial position inside the sintered plate could not be tracked to
understand these variations.

The super cial measurements were performed with the 4 di erent frequencies that can
be set in the measuring device, at the same locations to track their individual variation,
both before and after a polishing process with ne sandpaper (P1200). The reasoning
behind the test after polishing is that it can remove the super cial damage caused by
machining, expected to be 10um, see section 6.1.3. The results are taken from 34
di erent measured points on the two faces of 6 specimens for bending test, therefore with
good statistical coverage.

The best individual surface shows1:01 0:07MSm ! at 960kHz (0:88 0:03MSm 1!
at 60 kHz). It has been observed that the two in-plane surfaces of the sintered plates show
slightly higher conductivity values with respect to the inner volume. This could be the
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5. Characterisation results

reason of the variation between di erent specimens.

The DC 4-wire value (0:74 0:07MSm 1) is the average value of 6 specimens, the best
specimen show€:83 0:02MSm 1.
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Figure 5.48: Electrial conductivity measurements on CG-1100Ba IP direction. DC 4-wire bulk and
eddy-current super cial tests.

The variation in the frequency produces similar di erences in all the measured points.
Figure 5.49 shows the average variation with respect to the average DC value. Table 5.20
shows the variations with respect to the 60 kHz measurement. The variations show similar
numbers for the as-received and polished surfaces.

The results show a big increase when moving from 60 to 240 kHz, and then they show
almost no change at 480 and 960 kHz. This do not have proportionality to the skin depth,
which would justify a physical reason. The manual of the device recommends that the
materials are 3 times thicker than the skin depth to avoid errors in the measurement. At
60 kHz, the recommended specimen thickness is more than 6 mm (see Table 5.22), while
the actual thickness was only 5mm. It is therefore reasonable to assume that the error
at 60kHz is due to the specimen thickness, and the di erences between 240-960 kHz are
within the device experimental error.
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4 |
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Figure 5.49: Super cial electrical conductivity on CG-1100Ba (IP), measured with di erent fre-
guencies. Variation with respect to the 4-wire DC bulk value.

The average variation on the surface after polishing is always positive, see Table 5.21,
around +0.5 % overall. However, the standard deviation is very large, in the order of 3.8 %
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5.4. Chromium carbide - graphite CG-1100Ba

Table 5.20: Average super cial . variation at each individual point with respect to 60 kHz test
[%6].

240 480 960 [KHz]

As-received 8.7 6.5 8.4 5.0 8.8 5.8
Polished 8.9 4.0 7.5 4.8 9.6 6.2
Both 8.8 54 8.0 49 9.2 6.0

overall, which eliminates the validity of this 0.5 % increase.

Table 5.21: Average super cial . variation at each individual point after polishing [%].
60 240 480 960 [kHZz]
0.2 24 08 54 0.1 32 11 35

The penetration depth at all frequencies, see Table 5.22 is much larger than the damage
expected by the machining ( 10um, see Section 6.1.3). This implies that even if the
polishing process removes the super cial damage, it would have a negligible e ect on the
result.

Table 5.22: Skin depth [mm] of materials having 0.74 and 0.8 MSm?, at frequencies between 60
and 960 kHz (equation 3.15).

60 240 480 960 [KHz]

0.74MSm ! 2.39 1.19 0.84 0.60 [mm]
0.8MSm ! 2.30 1.15 0.81 0.57 [mm]

5.4.4 Thermophysical properties

The average density at RT measured on the IET specimens (weight and dimensions) is
2:15gcm 3.

The thermal di usivity (IP and TP) and the speci ¢ heat of CG-1100Ba are shown in
Figures 5.50, 5.51 and 5.52 respectively. The mathematical functions that t the exper-
imental data are shown in the plots. The conductivity is calculated from the di usivity
and speci ¢ heat tting curves, assuming constant density (2:15gcm 3), see Figure 5.53.
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Figure 5.50: Thermal di usivity of MG-1100Ba IP. Fitting equation constants:
9:628 Tp =
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Figure 5.51: Thermal di usivity of MG-1100Ba TP. Fitting equation constants:
6:530, Tp =

A =2885, B =
5299, m = 0:4295and Ay = 0:7727 All specimens with thickness 2 mm.
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Figure 5.52: Specic heat of MG-1100Ba. Fing equation constants: A = 11:77, B = 1:644,
C =4:047E-4 and D = 0:02191
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5.4. Chromium carbide - graphite CG-1100Ba
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Figure 5.53: Thermal conductivity of CG-1100Ba in both directions. Calculated from constant
density.

Thermal expansion measurements (IP and TP) are shown in Figures 5.54 and 5.55.
The tests were performed in the range 20 1700C, to prevent melting of chromium carbide.

The dI=L curves were not tted with polynomials due to the presence of abrupt slope
changes. In the IP direction, the di erence of CTE between heating-up and cooling-down
ramps is very subtle, indicating good stability to the thermal cycle applied. There is a
change in slope of thedl=Lg curves at around 1000 C.

The artefacts at the beginning of the heating-up curves (under 100 C), in both
directions, are typically due to sample accommodation in the sample holder, con rmed by
the absence of this behaviour in the cooling down ramp.

The change in length (residual strain) of the specimens was measured with a microm-
eter, being only 0.03% in the IP specimens, but 0.73% in the TP specimens, see Table
5.23. The dI=Lg curves con rm this behaviour. The relaxation of internal stresses in
the IP direction is very small, while in the TP is relevant. In the TP specimens, there
is an abrupt change in the dl=Lg slope at 1680 C (heating-up) and at 1600 1640 C
(cooling-down). According to the phase diagram (Figure 2.17), the stability limit of the
Cr23Cg Cr-rich carbide is 1849K (1576 C), besides, there is an eutectic reaction between
the Cr;C3 and Cr3C, phases at 2000K 1727 C). It would be expected, due to the pres-
ence of carbon (graphite) in excess around the carbide patrticles, that the carbides do not
tend to the Cr-rich side of the diagram. This behaviour observed in the dilatometer, and
the high residual strain observed after the cooling-down ramp, would be explained by a
phase transition to a lower density carbide phase. The density of the G{C,N), depends
on the relative content of C and N; with 10% of the carbon atoms substituted by nitrogen,
the theoretical density is 6:466 gcm 3. On the other hand, the rest of carbide phases have
larger densities: Ck3Cg 6:97 gcm 3, Cr;Cz has 6:92gcm 3, and CrsC, has 6:68gcm 3
[30]. It is therefore not clear the reason of this behaviour.

This event needs further veri cation, for example by performing XRD on the speci-
mens after the dilatometry test.

The IP cooling-down CTE is 2.4 10 ®°K ! in the range 20 1000 C. On the other
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5. Characterisation results

hand, the TP direction shows 11.2 10 ®K ! in the same range of temperatures.

Table 5.23: Length of the CG-1100Ba specimens before and after the dilatometer measurement,
measured with a micrometer (mm).

In-plane Through-plane
Lo Lfina Var. [%] Lo Lfina Var. [%]

Sample 1  25.054 25.054 0.0000 15.033 15.144 0.738
Sample 2 25.037 25.038 0.0040 15.028 15.117 0.592
Sample 3 25.038 25.058 0.0799 15.005 15.135 0.866
Sample 4 15.01 15.118 0.720

Average 0.03 0.73
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Figure 5.54: CTE CG-1100Ba IP. All specimens with length 25 mm.
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Figure 5.55: CTE CG-1100Ba TP. All specimens with length 15 mm.

5.4.5 Mechanical properties

The bending test curves are shown in Figure 5.56. In the IP direction, the average maxi-
mum strength is 26:2 1:5MPa and the average strain to rupture is1210 200pmm 1. In
the TP direction, the average maximum strength is5:5 0:6 MPa and the average strain

to rupture is

4200 560pmm 1.

The nominal size of the specimens, the test jig span (L) and the loading span are listed
below. All the test were made with four point con guration.

IP1-IP5: 5 10 55 mm, L=50 mm, loading span=L/2.
TP1-TP5: 5 10 25 mm, L=20 mm, loading span=L/2.

30
25
20
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10
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|
0 500

T
Emax 40GPa
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vV

Strain[mm 1]
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I |
O P N W~ O O N
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Figure 5.56: Flexural test CG-1100Ba. (*) Specimens IP4-5 and TP4-5 tested with laser exten-

someter.
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5. Characterisation results

Impact Excitation Technique (IET) results are shown in Table 5.24. The exural
and torsional resonance frequencies were acquired. The results from the Finite Element
Modeling (FEM) analysis are reported in Table 5.25. It is shown that the results from
the analytical formula are deviated with respect to the FEM optimisation, showing in fact
non-physical derived Poisson's ratio. The FEM method is more accurate, in accordance
with the elastic properties theory.

The Poisson's ratios do not have relevant in uence in the resonance frequencies, (see
section E.5), hence cannot be characterised with this method. For this reason,xy and

xz Wwere set to 0.1 (not optimised), which is a reasonable value considering the compo-
sition of the material (see section E.6). vz is derived from Ey and Gy, see equation
E.8.

Table 5.24: IET test of CG-1100Ba, experimental resonance frequencies of IP and TP specimens.
Frequencies resulted from the FEM optimisation. (: exural, ft: torsional).

Specimen m|[g] L [mm] b[mm] t[mm] [kHz] ft [kHZ]

IP1 5.807 54.86 10.02 501 6.930 13.105
IP2 5917 5485 10.03 5.02 6.870 13.340
IP3 5.648 5485 10.03 488 6.344 12.630
IP4 5819 5485 10.03 500 6.038 13.517
IP5 5790 5486 10.01 488 6.443 13.128
Average IP: 5486 10.02 495 6.647 13.051
FEM optimisation: () () () 6.647 13.119

T1 2479 2244 10.04 503 9.533 -
T2 2465 2244 1000 5.04 9.681 18.607
T3 2412 2244 1001 494 9.582 18.672
T4 2433 2244 10.02 496 9.558 18.705
T5 2.416 2245 10.00 5.04 9.697 18.836
Average TP: 2244 10.01 5.00 9.610 18.705

FEM optimisation: () O O 9.604 18.697

Table 5.25: Elastic properties of CG-1100Ba resulted from the IET analysis.

Ex Evy Ez Gxy Gyz Gxz vz xy xz
FEM optimisation 2.4 38.7 38.7 2.8 159 28 0.215 0.1 0.1
Analytical 1 2.6 33.3 333 28 81 28 1.06 - -

! From analytical formula (ASTM C1259-01), for comparison purposes.
2 Non-physical, derived from Ev and Gy, see equation E.8.

5.5 Chromium carbide - graphite CG-1100A0

CG-1100A0 material belongs to the Chromium carbide - graphite family, similarly to CG-
1100Ba (section 5.4). The material CG-1100A0 it is in fact a cylinder cut from the plate
CG-1100Ba just after the rst sintering cycle, without second sintering cycle nor post-
sintering cyle. The comparison of processing parameters is shown in section 4.6. The
cylinder of material had only @12.5 19:2mm, see Figure 5.57, therefore a limited number
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5.5. Chromium carbide - graphite CG-1100A0

of samples, most of them with exceptionally small sizes, were extracted for characterisa-
tion:

Dilatometer IP: 2 specimens 3 3 10 mm.

Dilatometer TP: 2 specimens 3 3 10 mm.

LFA IP: 2 specimens @6 5.5 mm.

LFA TP: 2 specimens @12.5 1.6 mm.

DSC: 2 specimens 5 5 1 mm.

The characterisation results are presented below.

Figure 5.57: (Left) Original piece of CG-1100A0. (Center and right) Slicing process with diamond
wire saw (black sample holder is @30 mm).

5.5.1 Microstructure

Figure 5.58 shows SEM observations of polished CG-1100A0 TP surfaces (pressing force
was vertical). The as-polished surfaces show a connected graphite matrix (dark) with
chromium carbide particles (bright) having an average size of 5m .

The contrast visible in the graphite matrix (BE image) allows to identify the alignment
of the graphite basal planes. The texture shows that it is not perfectly perpendicular to
the pressing force (vertical), which helps in reducing anisotropy.

In contrast with CG-1100Ba grade (Figure 5.41) these images show moderately large
content of voids, caused by lack of compaction. This material was sintered for only half
of the time than CG-1100Ba grade, which justi es the di erent compactness.
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Figure 5.58: SEM observat|ons of CG-1100A0 TP surface pressing force was vertlcal (Left) SE im-
age. (Right) BE image. The BE image shows channeling e ect in graphite, allowing identi cation
ofcrystalline domains.

5.5.2 Crystallography

Figure 5.59 shows the XRD analysis of CG-1100A0, including IP and TP surfaces. The
TP surface shows reduced intensity in theOO peaks, such as (002).

The carbide phase identi ed in grade CG-1100Ba (Cg(C,N)») also appears in this case,
but the Cr3C, phase is present as well. The relative amounts are di cult to quantify, as
the texture has a big in uence in the peak intensity, however, by looking at the overall
peak heights, both phases are present in relevant amount.

In the TP test, the (200) peak from Cr3(C,N), is very intense. The same phase in
the CG-1100Ba TP pattern, shows (023) as its highest peak, indicating di erent texture.
The intense (200) peak is due to a large total area of carbide particle(s) oriented witha
perpendicular to the surface. In the IP pattern, the graphite 00l peaks are very large, due
to the preferred orientation, therefore all the carbide peaks appear very small.
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Figure 5.59: CG-1100A0 IP and TP XRD patterns.

5.5.3 Thermophysical properties

The average density at RT measured on with the Archimede's method i2:31gcm 8.
The thermal di usivity (IP and TP) and the speci c heat of CG-1100A0 are shown in
Figures 5.60, 5.61 and 5.62 respectively. The mathematical functions that t the exper-
imental data are shown in the plots. The conductivity is calculated from the di usivity
and speci ¢ heat tting curves, assuming constant density (2:31gcm 3), see Figure 5.63.

500 \ T
sy o Sample 1
s 400 az ¢ =391:0 x Sample 2 |
& —  Fit
£ 300 .
£ 200 h 2i m |
% A 1+ (T( CI:B) To) + AO
2 100} 2
a

0

! ! ! ! ! ! I I T
0 200 400 600 800 1,000 1;200 1;400 1,600 1;800 2;000
Temperature [ C]

Figure 5.60: Thermal di usivity of MG-1100A0 IP. Fitting equation constants: A = 1788, B =
1850, Tp = 7336, m =0:4647and Ap = 0:823 All specimens with thickness 5.5mm.
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Figure 5.61: Thermal di usivity of MG-1100A0 TP. Fitting equation constants: A =297:2, B =
6:633 To = 56:68 m =0:4264and Ay = 1:143 All specimens with thickness 2 mm.
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Figure 5.62: Specic heat of MG-1100A0. Fing equation constants: A = 4:284 B = 1:462
C =4:098-4 and D = 3:748E-3.
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Figure 5.63: Thermal conductivity of CG-1100A0 in both directions. Calculated from constant
density.
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Through-plane

Thermal expansion measurements (IP and TP) are shown in Figures 5.64 and 5.65.
The tests were performed in the range 20 900C.

The IP dI=Ly curves were not tted with polynomials due to the presence of abrupt
slope changes that impeded good tting. In the IP direction, the dierence of CTE
between heating-up and cooling-down ramps is not very large, indicating good stability to
the thermal cycle applied.

Fifth degree polynomials were tted to the dI=Lo curves, which helps to smooth out
experimental errors.

The artefacts at the beginning of the heating-up curves (under 100 C), in both
directions, are typically due to sample accommodation in the sample holder, con rmed by
the absence of this behaviour in the cooling down ramp.

The change in length (residual strain) of the specimens was measured with a microm-
eter, being only 0.02% in the IP specimens and 0.31% in the TP specimens, see Table
5.26. Thedl=Lg curves con rm this behaviour. The relaxation of internal stresses in the
IP direction is very small, while in the TP is moderately high. This behaviour is observed
in MoGr materials as well, see section 5.3.

The IP cooling-down CTE is 4.5 10 ®K !in the range 20 1000 C. On the other
hand, the TP direction shows 12.1 10 8K 1 in the same range of temperatures. There
is a relevant di erence in TP CTE between the two ramps, as the heating-up ramp shows
values around3 10 8K I higher.
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5. Characterisation results

Table 5.26: Length of the CG-1100A0 specimens before and after the dilatometer measurement,
measured with a micrometer (mm).

In-plane Through-plane
Lo Lfina Var. [%] Lo Lfina Var. [%]

Sample1  9.910 9.909 0.010 10.443 10.475 0.306
Sample 2 9.916 9.918 0.020

Average 0.02 0.31
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Figure 5.64: CTE CG-1100A0 IP. All specimens with length 10 mm.
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Figure 5.65: CTE CG-1100A0 TP. All specimens with length 10 mm.

5.6 Chromium carbide - graphite CG-1100B0

CG-1100B0 material belongs to the Chromium carbide - graphite family, similarly to CG-
1100Ba (section 5.4). The material CG-1100B0 it is in fact half of the sintered plate,
which was cut prior to the post-sintering cycle, see Figures 5.66 and 5.67. The comparison
of processing parameters is shown in section 4.6.

Figure 5.66: Production steps of CG-1100B0 material, from left to right: Green body compaction,
rst sintering cycle + machining, second sintering cycle. The hole is due to the extraction of
CG-1100A0 material. Note how the molten material spilled inside the hole comes mainly from the
direction towards the centre of the plate.

The location of the CG-1100B0 specimens inside the plate is illustrated in Figures 5.67

and 5.68.
The characterisation results are presented below.
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Figure 5.67: Schematic of the provenance of the A0, BO and Ba materials, from CG-1100 plate.
The positions of all specimens from CG-1100B0 grade are shown (view from top). The full plate
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Figure 5.68: Plate location of all CG-1100B0 specimens, cut with diamond wire saw.
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5.6. Chromium carbide - graphite CG-1100B0

5.6.1 Microstructure

SEM observations of polished CG-1100B0 TP surfaces (pressing force was vertical) are
presented below. The piece observed is the one at the top right side of Figure 5.68
( 229 20 5mm), the exact same face shown there. All the SEM images are
oriented with the plate top surface at the top and the right plate edge at the right side.

Figure 5.69 represents the average microstructure of CG-1100B0, taken from the mid-
thickness of the plate, at around 15mm from the lateral edge. It shows a connected
graphite matrix (dark) with chromium carbide particles (bright) having an average size of
10m .

There is little contrast visible in the graphite matrix (BE image), but the alignment of
the graphite basal planes can be reconstructed. The texture is analogous to the other CG-
1100 materials, not perfectly perpendicular to the pressing force (vertical), which helps in
reducing anisotropy.

These images show similar content of voids than in CG-1100Ba grade (Figure 5.41).
The sintering cycles in this material were identical than in CG-1100Ba, but the latter had
a further post-sintering pressure-less step.

BT = 10 oT — Mag- 100RKX G Fir= | v
Ce-11a0 1P Aperture Sae = 1300 pm = —

— WO =000 e

WO = -
Signal A = sl

Figure 5.69: SEM observations of CG-1100B0 TP surface, pressing force was vertical. (Left) SE
image. (Right) BE image. The BE image shows weak channeling e ect in graphite, helping to
identify the texture.

Figure 5.70 shows the lateral plate edge of CG-1100B0. The outer lateral 2-4 mm
shows agglomeration of carbides. On the other hand, the top and bottom surface edges
do not. This could be due to more easiness to spill material in the parallel-to-basal-
planes direction. The SEM images of the agglomerations (Figure 5.71) show big graphite
akes grown from the dissolution-precipitation mechanism. Those akes have sizes up to
50 m in the c-axis direction and up to 300 m in the basal-plane direction. They tend
to be aligned as the parent graphite matrix, but many akes are not and show random
orientations.

Apart from those features around the plate lateral edge, the microstructure of the
material is homogeneous, analogous to Figure 5.69.

169



5. Characterisation results

= 1000V Mag= 82X ) = 1000 kY 0080 Mig= |EIX ). Gusrdla
EHT Qﬂol CG-1100BO TP Aperturs Sies = 1200 yom EHT 0o ce-11 T® (ol

- See=1200
Rv— o= 00me eagairight Lo

edge (right)

100 pm BT = 1000 W " F) m = 1000 W T Mag= 562X J. Gusedia
BT=1000W  CG-110080 TP I bom Zl0I0W  CG110630 TP MR i .
Igﬂ;.sﬂ edga (right] P s D by 1 Signal A = BE2 edga (right] dus dul Do by

Figure 5.70: SEM SE observations of CG-1100B0 lateral plate edge, pressing force was vertical.
Right side of the images corresponds to the sample mounting resin. (Left) top-lateral corner
showing carbide agglomeration. (Right) lateral edge showing absence of carbides. Bottom images

show close-up views of the same points.
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Figure 5.71: SEM observations of the carbide agglomerations at the lateral plate edge. All SE
images except bottom-right (BE).

5.6.2 Crystallography

Figure 5.72 shows the XRD analysis of CG-1100B0, including TP surface and the molten
material spilt during the its last sintering cycle. The carbide phase identi ed in grade
CG-1100Ba (Cr3(C,N) ) also appears in this case, and is the only carbide phase present in
this grade. The preferred orientation of the carbide particles is slightly di erent, as here
the highest peak is (130), while in CG-1100Ba, (023) was the most intense one.

The molten phase shows a completely dierent pattern, as it does not show the
Cr3(C,N), peaks, but it clearly shows the CsC, ones. This could be due to the pressure
release when leaking out from the mould, which helps eliminating the nitrogen stabilizing
agent. The molten material is expected to have much bigger grains than the particles
inside the composite, see SEM observations in Section 6.6. This di erence in size could
play a role in the phase stability.

The molten material contains high quality graphite, produced by the dissolution-
precipitation mechanism.
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Figure 5.72: CG-1100B0 TP and molten material XRD patterns.

5.6.3 Electrical properties

In-plane electrical conductivity measurements were performed with two methods: 4-wire
DC and super cial eddy-current techniques (Sigmatest), see section 3.4. The specimens
measured were position-tracked along the plate thickness to understand possible conduc-
tivity variations.

The results on the IP direction are presented in gure 5.73, which depicts the vari-
ation along the plate thickness. The specimens tested were those called ELEC IP in
Figure 5.68 (DC 4-wire method) and FLEX IP (Eddy-current method at 960 kHz, on
the two faces). The values consist of the average of three tests on each surface or bulk
specimen. It is evident that the inner volume of the plate has slightly lower electrical
conductivity than the outer surfaces. The plate surfaces reach 1.000.02MSm ! (top)
and 0.93 0.10MSm ! (bottom), while the inner part shows around 0.75MSm 1.

The DC test on the best specimen (the one closest to the top face) results in an
electrical conductivity of 0.88 0.03MSm 1. The average of all 5 bulk specimens is
0.78 0.07MSm 1,

It is important to note, as explained in section 1.2, that the collimator materials require

high electrical conductivity only at the surface. For this reason, one can take advantage
of this particular material inhomogeneity.
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Figure 5.73: Electrical conductivity measurements on CG-1100B0 (IP), measured along plate
thickness (thickness=22.9 mm).

5.6.4 Thermophysical properties

The average density at RT measured on the IET specimens (weight and dimensions) is
2:21gcm 3. The variation of density measured on several specimens along plate thickness
is shown in Figure 5.74, the specimens are shown in Figure 5.68. There is no clear trend,
with all values within the range 2.21 2%gcm 2, which is in the order of the measurement
uncertainty. With these results, the trend observed on the electrical conductivity (Figure
5.73) needs further investigation.
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Figure 5.74: Density (Archimede's) measurements on CG-1100B0, measured along plate thickness
(thickness=22.9 mm). Error bar represent a 2% error.

The thermal di usivity (IP and TP) and the speci ¢ heat of CG-1100B0 are shown in
Figures 5.75, 5.76 and 5.77 respectively. The mathematical functions that t the exper-
imental data are shown in the plots. The conductivity is calculated from the di usivity
and speci ¢ heat tting curves, assuming constant density (2:21 g cm 3), see Figure 5.78.

In the IP direction the position of the specimens along the plate thickness does not play
a signi cant role, the 3 specimens have similar di usivity values. This could be because
the specimen dimensions are almost as big as half of the plate thickness (120 8.5 mm,
see Figure 5.68), averaging the result over that volume.

However, in the TP direction, the specimens show a specic trend along the plate
thickness, see Figure 5.79. The variation shows a di usivity maximum at around the mid-
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5. Characterisation results

thickness of the plate, decreasing towards the bottom surface, and increasing again just
below it. This behaviour is expected to be approximately symmetric on the top side of the
plate. This trend is di erent with respect to the IP electrical conductivity (Figure 5.73.

Figure 5.75: Thermal di usivity of CG-1100B0 IP. Fitting equation constants:
28.08, Ty =

Figure 5.76: Thermal di usivity of CG-1100B0 TP. Fitting equation constants:
7:975 To =
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5.6. Chromium carbide - graphite CG-1100B0
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Figure 5.77: Specic heat of CG-1100B0. Fitting equation
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Figure 5.79: Thermal di usivity measurements on CG-1100B0 (TP), measured along plate thick-
ness (thickness=22.9 mm). Specimens shown in Figure 5.68. (*) Tested after cooling down 1800
20 C.

Thermal expansion measurements (IP and TP) are shown in Figures 5.80 and 5.81. The
tests were performed in the range RT 1700 C, to prevent melting of chromium carbide.

The dl=Lg TP curves were not tted with polynomials due to the presence of abrupt
slope changes. In the IP direction, the di erence of CTE between heating-up and cooling-
down ramps is very subtle, indicating good stability to the thermal cycle applied. Samples
IP1-2 have slightly di erent heating-up dl=Lg curves then IP3-4, noting that 1-2 specimens
were cut from the top half and 3-4 from the bottom-half of the plate, see 5.68.

There are no relevant di erences between the 4 TP specimens, even if 1-2 were cut
from at mid-thickness and 3-4 at the top side of the plate, see 5.68. The dashed black line
in Figure 5.80 represents the t to all relevant specimens.

The artefacts at the extremities of the dl=Lg curves, ampli ed in the CTE curves, are
typically due to unsteady heating/cooling rate. They are more common in the heating up
rampupto 100 C.

The change in length (residual strain) of the specimens was measured with a microm-
eter, being only 0.05% in the IP specimens, but 1.14% in the TP specimens, see Table
5.27. The dl=Lg curves con rm this behaviour. The relaxation of internal stresses in
the IP direction is very small, while in the TP is large. In the TP specimens, there is
an abrupt change in the dl=Ly slope at 1680 C (heating-up) and at 1600 C (cooling-
down). According to the phase diagram (Figure 2.17), the stability limit of the Cr,3Cg
Cr-rich carbide is 1849K (1576 C), besides, there is an eutectic reaction between the
CryC3 and Cr3C, phases at 2000K {727 C). It would be expected, due to the presence
of carbon (graphite) in excess around the carbide particles, that the carbides do not tend
to the Cr-rich side of the diagram. This behaviour observed in the dilatometer, and the
high residual strain observed after the cooling-down ramp, would be explained by a phase
transition to a lower density carbide phase. The density of the Cg(C,N), depends on the
relative content of C and N; with 10% of the carbon atoms substituted by nitrogen, the
theoretical density is 6:466 gcm 3. On the other hand, the rest of carbide phases have
larger densities: Ck3Cg 6:97 gcm 2, Cr;Cz has 6:92gcm 2, and CrzC, has 6:68gcm 3
[30]. It is therefore not clear the reason of this behaviour.

This event needs further veri cation, for example by performing XRD on the speci-
mens after the dilatometry test.
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5.6. Chromium carbide - graphite CG-1100B0

The IP cooling-down CTE is 2.8 10 ®K ! in the range 20 1000 C. On the other
hand, the TP direction shows 11.0 10 ®K ! in the same range of temperatures.

Table 5.27: Length of the CG-1100B0 specimens before and after the dilatometer measurement,
measured with a micrometer (mm).

In-plane Through-plane
Lo Lfina Var. [%] Lo Lfina Var. [%]

Sample 1  25.060 25.078 0.072 15.551 15.744 1.241
Sample 2 25.068 25.069 0.004 15.568 15.747 1.150
Sample 3  25.078 25.095 0.068 15.267 15.439 1.127
Sample 4  25.089 25.104 0.060 15.252 15.411 1.042

Average 0.05 1.14
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Figure 5.80: CTE CG-1100B0 IP. All specimens with length 25 mm. Fitting polynomials: IP1-2
up and IP1-4 up 9th degree, IP3-4 up and IP1 down 7th degree. (*) IP2-4 specimens su ered a
data acquisition problem during cooling-down, only IP1 test is valid.
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5.6.5 Mechanical properties

The bending test curves are shown in Figure 5.82. In the IP direction, the average maxi-
mum strength is 31:2 4:9MPa and the average strain to rupture is1640 560umm 1. In
the TP direction, the average maximum strength is6:6 1:2MPa and the average strain
to rupture is 4240 780umm 1.

The nominal size of the specimens, the test jig span (L) and the loading span are listed
below. All the test were made with four point con guration.

IP1-IP5: 4 10 55 mm, L=50 mm, loading span=L/2.
TP1-TP6: 5 10 25 mm, L=20 mm, loading span=L/2.

o Emax  45GP | 1
ax a I |
35 ™ ) 7 Emax 4GPa 8
= 30 , 10 17
i 16
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Figure 5.82: Flexural test CG-1100B0. (*) Specimens tested with laser extensometer.
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5.6. Chromium carbide - graphite CG-1100B0

Impact Excitation Technique (IET) results are shown in Table 5.28. The exural and
torsional resonance frequencies were acquired. The results from the Finite Element Mod-
eling (FEM) analysis are reported in Table 5.29. It is shown that the results from the
analytical formula are deviated with respect to the FEM optimisation, and show in fact
non-physical derived Poisson's ratio. The FEM method is more accurate, in accordance
with the elastic properties theory. The torsional frequency acquired in most of the IP
specimens was actually other resonance mode, as there is a big mismatch with the FEM
results. Apart from the usual IP and TP specimens, the 5 mm-thick plate shown in image
5.68 was tested with the IET method prior to cutting (named TP7 in Table 5.28). TP7
parallelepiped specimen provided extra information for the FEM optimisation, and due
to its large size the density of CG-1100B0 grade was calculated from its dimensions with
small uncertainty.

The Poisson's ratios do not have relevant in uence in the resonance frequencies, (see
section E.5), hence cannot be characterised with this method. For this reason,xy and
xz Were set to 0.1 (not optimised), which is a reasonable value considering the compo-
sition of the material (see section E.6). vz is derived from Ey and Gyz, see equation
E.8.

Table 5.28: IET test of CG-1100B0, experimental resonance frequencies of IP and TP specimens.
Frequencies resulted from the FEM optimisation. (: exural, ft: torsional). calculated from
mass and dimensions.

Specimen m[g] L[mm] b[mm] t[mm] [gcm °] [kHZ] ft [kHZz]

IP1 5.614 56.15 9.83 4.60 2.21 6.600 15.700
P2 4723 56.06 9.86  3.87 2.21 5.168 12.414
IP3 5180 56.00 9.88 4.24 2.21 5.661 13.679
IP4 5214 5591 9.90 4.27 2.21 5.870 14.668
IP5 5.348 55.84 990 4.40 2.20 5.729 15.135
Average IP: 55.992 9.874 4.276 2.21 5.806 14.319
FEM optimisation: () () () () 5.864 12.963

TP1 2.765 2297 998 5.6 2.21 12.326 21.000
TP2 2504 2296 9.98 493 2.22 11.200 19.990
TP3 2.612 2296 999 514 2.22 11.600 20.385
TP4 2.714 2296 10.00 5.32 2.22 12.080 21.252
TP5 2.748 2295 10.01 5.38 2.22 12.090 21.290
TP6 2774 2295 10.01 5.39 2.24 12.090 21.325
Average TP: 22.958 9.995 5.270 2.22 11.898 20.874
FEM optimisation: () @) ) (2.21) 12.016 20.954
TP7 28.663 105.81 2294 534 2.21 2.140 5.900
FEM optimisation: () () () () 2.147 5.812*

(*)2™ torsional mode. 2" exural mode: 5.860kHz. 1 tors.: 2.683 kHz.
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5. Characterisation results

Table 5.29: Elastic properties of CG-1100B0 resulted from the IET analysis.

Ex Evy Ez Gxy Gyz Gxz Yz XY xz
FEM optimisation 3.8 42.8 428 35 181 35 0.184 01 0.1
Analytical 40 39.3 39.3 35 123 35 060 - -

! From analytical formula (ASTM C1259-01), for comparison purposes.
2 Non-physical, derived from Ey and Gyz, see equation E.8.

5.7 Chromium carbide - graphite CG-1240X

CG-1240X material belongs to the Chromium carbide - graphite family, similarly to CG-
1100Ba (section 5.4). The material CG-1240X production parameters are shown in section
4.6, the main novelty in this grade is the use of very large graphite akes (Asbury 3763
grade, see section 4.1.2).

Unfortunately the production process failed due to the breakage of the graphite mould
around the plate, which caused also the partial rupture of the sintered plate and the
sudden stop of the cycle, see Figure 5.83. The mould breakage is discussed in section
6.6. However, due to reason of time, another production attempt was not possible, and
it was decided to characterise the ruptured plate because of the relevance of this new
composition. The pieces used for obtaining of the samples were the biggest ones available,
coming from the plate edge.

ﬂ-ﬂ"-"'

Figure 5.83: Sintering failure of plate CG-1240X. Plate surface is 150100 mm.
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5.7. Chromium carbide - graphite CG-1240X
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Figure 5.84: Specimens for characterisation obtained from CG-1240X plate.

5.7.1 Microstructure

Figures 5.85 and 5.86 show SEM observations of polished CG-1240X TP surfaces (pressing
force was vertical). The observation area is 15 mm far from the lateral plate surface, at
around mid-thickness of the plate, therefore representing the bulk material.

The images show a connected graphite matrix (dark) with chromium carbide parti-
cles (bright). The electron channelling in the backscattered electron (BE) images allow
identi cation of graphite domains. The domains are large, with a-axis dimension around
700 800 m and c-axis dimensions around 30m , similarly to the parent graphite powder
(see Section 4.1.2). The texture of these domains is not perfectly perpendicular to the
pressing force, showing some waviness in the akes, which helps in reducing anisotropy.
The matrix shows moderate content of voids, which are probably produced during the
mould breakage event.

The carbide particles are clearly elongated between the graphite domains, with size
ranging from 2 to around 20 m , the average being in the order ofLlO m .
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Figure 5.85: SEM observations of CG-1240X TP surface pressing force was vertlcal (Left) SE im-
age. (Right) BE image. The BE image shows channeling e ect in graphite, allowing identi cation
ofcrystalline domains.
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Flgure 5.86: SEM observations of CG-1240X TP surface at high magni catlons pressing force
was vertical. All BE images, showing channeling e ect in graphite, which allows identi cation of
crystalline domains.

5.7.2 Crystallography and lattice thermal expansion

Figure 5.87 shows the acquired patterns on the CG-1240X TP sample. The TP surface
was sanded with P1200 sandpaper. The test shows that no new peaks due to oxidation.
The intensity of the (002) peak decreases after the stay at high temperature. On the
other hand, the intensity of the (110) slightly increases. This is most likely caused by the
removal of super cial bent akes on the TP surface, by combustion in air. The removal
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5.7. Chromium carbide - graphite CG-1240X

exposes more the inner TP surface, and thék0 planes produce stronger re ections. Note
the di erences in shifting of the peaks, related to di erent thermal expansion behaviour.

In this grade, di ering from CG-1100Ba, there are two chromium carbide phases. The
Cr3C, phase is present, but also the C¢(C,N) > modi cation of the latter. In CG-1100Ba
only the modi ed structure was present.
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Figure 5.87: CG-1240X TP experimental XRD patterns.
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Tables G.5, G.6 and G.7 (Appendix G) list the corrected peak positions and the re-
sults of the lattice parameters of graphite and the two carbide phases. The specimen
displacement corrections is calculated as explained in section 3.5.2.

Second degree polynomials are tted to the data, see Table 5.30. Figures 5.88, 5.89
and 5.90 show the experimental lattice parameters of of all phases present in CG-1240X,
both the measurements and the tting curve. The graphite parameters from the literature
are also reported for comparison, indicating complete graphitisation.
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5. Characterisation results

Table 5.30: Lattice parameter 2"¢ degree polynomial tting equation (heating-up curves)

A B C Value at 20 C [A]
a Gr. 3.560510 ° -3.137910 © 2.4622 2.4621
c Gr. 2.121110 8 1.793310 4 6.7069 6.710
aCr,Cz 6.198010 ° 7.197210 ° 5.5250 5.526
b Cr,Cs 1.280710 & 3.140710 °> 2.8283 2.829
c Cr,Cz  3.958910 & 2.264010 ° 11.4920 11.493
a Cr3(C,N)> 4.002310 ° 3.108810 ° 2.8473 2.848
b Cr3(C,N), 2.937910 & 4.192710 5> 9.2640 9.265
c Cr3(C,N), 2.698510 & 7.695710 ° 6.9620 6.964

T T T T T T T T
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Figure 5.88: Lattice parameters versus temperature of graphite in CG-1240X.
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Figure 5.89: Lattice parameters versus temperature of GJC, in CG-1240X.
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Figure 5.90: Lattice parameters versus temperature of GJ(C,N), in CG-1240X.

The CTE is calculated from the tting curves, the results are shown in Table 5.31 and
Figure 5.91.

Table 5.31: Result of the secant CTE 20-T C of graphite and -MoC; x in CG-1240X TP
( 10 ®m 'K 1). Heating-up ramp.

Graphite Cr,C3 Cr3(C,N)»
T[C] a ¢ a b ¢ A. a b ¢ A

50 -1.2 269 131 114 22 89 11.0 4.7 11.3 9.0
100 -1.1 271 13.2 116 24 9.1 111 49 115 9.2
200 -1.0 274 133 121 2.7 94 112 52 119 95
300 -0.8 27.7 134 126 3.1 9.7 114 55 123 9.7
400 -0.7 28.1 13.5 13.0 3.4 10.0 115 59 12.7 100
500 -0.5 284 13.6 135 3.8 10.3 116 6.2 13.1 10.3
600 -0.4 28.7 13.7 139 4.1 106 11.8 6.5 135 10.6
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Figure 5.91: Secant CTE 20-T C of graphite, Cr3C, and Cr3(C,N), in CG-1240X (from XRD).
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5. Characterisation results

5.7.3 Electrical conductivity

Bulk electrical conductivity measurements on CG-1240X grade, IP direction, are shown in
Table 5.32. The 5 specimens shown in the schematic of Figure 5.84 were measured, giving
an average resistivity of0:95u m or conductivity 1:06 MSm 1, the best specimen (No 3)

resulted in 1:15MSm 1.

Table 5.32: 4-wire DC method electrical measurements on CG-1240X, see section 3.4.

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Average

dy [mm] 3.78 3.76 3.81 3.74 3.48
dp [mm] 4.03 3.70 3.60 3.91 3.88
d3 [mm] 45 45 45 45 45

L [mm] 30.0 30.0 30.0 30.0 30.0

Current [mA] 1000 1000 1000 1000 1000

Av. Voltage [uV] 2000 2120 1900 1950 2070
e[um] 1.02 0.98 0.87 0.95 093 095
e [MSm 4 0.98 1.02 1.15 1.05 1.07  1.06

The super cial eddy-current electrical conductivity test (960 kHz) was performed on
the specimens for bending test, see Figure 5.84. The results are shown in Figure 5.92
(1.02 0.16MSm 1).

OF : .
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E 5| ‘ |
5 ° DC :
= —— Sigmatest ‘
& 1001 . Average DC l ]
o . |
T --- Av. Sigmatest o
£ 15) N :
5 | |
> Bottom face L

20 | | | | 11 | |
0 0:2 0:4 0:6 0:8 1 1:2 1:4 1:6

Electrical conductivity [MSm 1]

Figure 5.92: Electrical conductivity measurements on CG-1240X (IP), measured along plate thick-
ness. Error bars represent the standard deviation.

There is not a clear variation along the plate thickness. However, the dispersion of the
results is large, with maximum values of 1.13MSm ! (eddy-current test) and 1.15MSm 1
(DC).

5.7.4 Thermophysical properties

The average density at RT measured on all FLEX IP, DIL TP and ELEC IP specimens
(Archimede's method) is 2.26 0.03gcm 3. During the liquid immersion weighting, the
value was slightly increasing with time due to absorption of ethanol and release of air.
This is due to the presence of voids or cracks. The density value reported is measured
quickly after the rst immersion, to take into account the open porosity.
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5.7. Chromium carbide - graphite CG-1240X

The IP thermal di usivity and the specic heat of CG-1240X are shown in Figures
5.93 and 5.95 respectively. The mathematical functions that t the experimental data are
shown in the plots. The conductivity is calculated from the di usivity and speci c heat
tting curves, assuming constant density (2:26 g cm 3), see Figure 5.96.
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Figure 5.93: Thermal di usivity of CG-1240X IP. Fitting equation constants: A = 698:7, B =
57:52, To = 47:20, m =0:5085and Ay = 6:581 All specimens with thickness 7.5mm.
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Figure 5.94: Thermal di usivity of CG-1240X TP. All specimens with thickness 2mm. Only

measurements at RT are available; the t is obtained from the average value, using the slope of
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Figure 5.95: Specic heat of CG-1240X. Fitting equation constants: A = 11:54, B = 1:644,
C =3:40%&-4 and D =0:02191
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Figure 5.96: Thermal conductivity of CG-1240X in both directions. TP direction was characterised
only at RT. Calculated from constant density.
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Thermal expansion measurements (IP and TP) are shown in Figures 5.97 and 5.98.
The tests were performed in the range RT 700 C.

The dl=Ly TP curves were not tted with polynomials due to the big di erences
between samples. In the IP direction, the dierence of CTE between heating-up and
cooling-down ramps is very subtle, indicating good stability to the thermal cycle applied.
The dashed black line in Figure 5.97 represents the tting curve.

Specimens TP6 and TP7 were cut from positions less than 10 mm far from the lateral
plate edge, while TP1 and TP3 are representing the bulk material, see Figure 5.84. The
specimens closer to the surface show lower CTE values, possibly corresponding to slightly
higher carbide content. They also show larger residual deformation than specimens TP1
and TP3.
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5.7. Chromium carbide - graphite CG-1240X

The artefacts at the extremities of the dl=Lg curves, ampli ed in the CTE curves, are
typically due to unsteady heating/cooling rate. They are more common in the heating up
ramp up to 100 C. The tting curve smooths out this experimental error.

The change in length (residual strain) of the specimens was measured with a micro-
meter, being only -0.01 % in the IP specimens, and 0.07 % in the TP specimens, see Table
5.33. The dl=Lg curves con rm this behaviour. The relaxation of internal stresses in
both directions is very small, compared to other grades. This is possibly due to the low
maximum temperature reached in the dilatometry test (700 C), compared with other
grades which reached 1800 C.

The IP cooling-down CTE (extrapolated) is 2.3 10 ®K 1! in the range 20 1000 C.

Table 5.33: Length of the CG-1240X specimens before and after the dilatometer measurement,
measured with a micrometer (mm).

In-plane Through-plane
Lo Ltfina Var. [%] Lo Ltina Var. [%]
IP1 24.585 24.584 -0.004 TP1 10.237 10.236 -0.010
IP2 24.609 24.604 -0.020 TP3 10.253 10.253 0.000
IP3 24.569 24.571 0.008 TP6 9.729 9.746 0.175
TP7 9.681 9.693 0.124
Average -0.01 0.07
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Figure 5.97: CTE CG-1240X IP. All specimens with length 25mm. Fitting polynomials are all
3" degree.

189



5. Characterisation results
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Figure 5.98: CTE CG-1240X TP. All specimens with length 10 mm.
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5.7.5 Mechanical properties

The bending test curves are shown in Figure 5.99. In the IP direction, the average maxi-
mum strength is 150 2:7MPa and the average strain to rupture is2370 1020umm 1.

Note how the smaller specimens (7 and 8) show better strength and strain to rupture,
with average values of18:6 0:2MPa and 3680 10umm 1. This is due to the relevance
of cracks in the strength of these brittle materials. The smaller volume under stress results
in lower failure probability (crack propagation), due to the smaller amount of cracks.

The Impact Excitation Technique (IET) was not performed on this grade due to the
di culties to obtain TP specimens from the available material. The slope in the elastic
domain of the bending test plot shows a maximum Young's modulus of around 20 GPa.
Specimen IP5 shows a di erent, more sti er behaviour than the others.

The nominal size of the specimens, the test jig span (L) and the loading span are listed
below. All the test were made with four point con guration.

IP1-IP6: 4 11 55 mm, L=50 mm, loading span=L/2.
IP7-IP8: 3 11 25 mm, L=20 mm, loading span=L/2.
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5.7. Chromium carbide - graphite CG-1240X
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Figure 5.99: IP bending test of CG-1240X grade. (*) IP4 specimen not instrumented with strain

gauge, IP7-8 specimens are of di erent size, see below.

191



192



6 Discussion

This chapter contains the discussion of results from all investigated materials, which were
presented in chapter 5. The knowledge acquired from the di erent comparisons between
materials is reported.

The structure of this chapter is as follows. First, the microstructure of the graphite ma-
trix and carbide patrticles is discussed. Second, the e ects of some important production
parameters are detailed. Then, the summarized results of the thermo-physical charac-
terisation are reported for all the investigated materials. At the end of he chapter, the
catalytic graphitisation e ect of chromium and molybdenum liquid phases are discussed.

6.1 Microstructure

6.1.1 Carbide particles
Chromium carbide phases

The carbide phase identi ed in grades CG-1100B0 and CG-1100Ba (GfC,N)>) is a mod-

i cation of Cr 3C, orthorhombic structure [140]. This phase is probably stabilized by
nitrogen from air trapped in the sintered body during the compaction processes. More
details have been reported in Section 5.4.2.

However, in grade CG-1100A0, sintered for half of the time than the other two mate-
rials (see Table 4.14), the CgC, phase appears as well (Figure 5.59). It is interesting that
the high temperature pressure-less heat treatment performed to CG-1100Ba grade did not
a ect to the phase Cr3(C,N)2. It would be expected that nitrogen could be released by
di usion processes to the primary vacuum at the treatment chamber. The solidi ed LP
that spilled out from the mould into the furnace chamber shows only the CrC, phase
(shown in Figure 5.43).

These results indicate that the lower level of internal compaction (grade CG-1100A0)
prevents the complete process that di uses nitrogen in the carbide structure to stabilise
the Cr3(C,N), phase. Once the material reaches higher compaction state, this phase re-
mains stable, even after the thermal treatment at liquid-phase temperature ( 2000 C).
However, when the Cr-C(-N) LP spills out from the mould, the nitrogen is released, chang-
ing phase to the original Cr3C,.

The reason of the stabilization of Cr3(C,N) » needs further investigation. The behaviour
observed in the dilatometry measurements may indicate phase transitions. For this reason,
the presence of only CgC, phase in the composites may be preferable.

Molybdenum carbide phases

The undoped molybdenum carbides, formed upon solidi cation of the eutectic mixture,
experience three changes of phase until complete cool-down at RT, as shown in the Mo-C
binary diagram (Figure 2.14). Several phase changes were detectable in the dilatometer
measurements, due to the change in density of the carbide phases [37].
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6. Discussion

The FCC carbides of molybdenum ( -MoC1 ) and titanium ( TiC) exhibit completely
solid solubility between them, resulting in a carbide phase(Ti; x;Moyx)1 yCy, labelled
in the ternary diagram, which is stable over a wide range of temperatures and stoichiome-
tries [37]. The e ect of small quantities of titanium in MoGr, around one titanium atom
every 10 molybdenum atoms, appears to be su cient to turn all molybdenum carbide into
the FCC phase ( -MoC1 ), over the full range of temperatures of interest.

XRD analyses performed in grades with titanium revealed the absence of hexagonal or
orthorhombic molybdenum carbides and the presence of a FCC phase, with = 4:264A,
except a trace amount of -MoC;  in grade MG-6403Fc, probably due to the change in
thermal treatment (Figure 6.1). According to the phase diagram Mo-C (Figure 2.14), the
cubic -MoC;i x phase is stable only abovel960 C, thus it is being stabilized down to
RT with the Ti addition.

The absence of phase changes in the material is believed to be bene cial during beam
impact scenarios, which could locally raise the temperature of collimator absorber mate-
rials to thousands of degrees.

Apart from graphite peaks, grade MG-6530Aa containing no titanium shows multiple
peaks matching those of dimolybdenum carbidévo,C and of hexagonal -MoC; x phases.
According to the phase diagram, the hexagonal -MoC1  is only stable abovel655 C,
while here it is found at RT; this was also observed by Matthews [60] and was explained
by that phase being easily retained during furnace cooling. Dimolybdenum carbidéMo,C
phase su ers a transition between the orthorhombic -Fe;N -type "low temperature" phase
and the hexagonal -Fe;N -type based "middle temperature” phase at 1350 C, and then
an order-disorder transition into a L%-type structure at around 1960 C [142, 143].
Due to the negligible X-ray scattering factor of carbon compared with molybdenum, the
orthorhombic -Mo,C phase shows only peaks from the hexagonal partial structure of
the molybdenum atoms. Parthé and Sadagopan [144] showed that neutron diraction
is a more appropriate technique for the Mo,C phase identi cation. The relationship
between the orthorhombic structure and the h%agonal molybdenum sublattice is given
by: a@orth = Chexs borth = 2 a@nex and Cortn = 3 anex. The detected dimolybdenum
carbide Mo,C phase corresponds to orthorhombic -Mo,C, but Figure 6.1 shows only the
peaks corresponding to its hexagonal molybdenum partial structure. More details about
the molybdenum carbide phases can be found in reference [37].
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6.1. Microstructure

Figure 6.1: XRD comparison of four MoGr grades.

Nanoindentation tests on Molybdenum carbides

Nanoindentation tests were performed on 13-15 di erent carbide particles of each of four
MoGr grades. Only the loading part of the test was acquired, therefore the Young's
modulus measurement is not available. Either the small size of the particles, in the order
of 5 m , or the relatively low rigidity of the graphite matrix, led to many non-valid tests.

Figure 6.2: Nanoindentation tests on carbide particles. Force versus indentation depth.
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