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Abstract

In the framework of the CERN R&D activities for the Beam Dump Facility
(BDF), different target prototypes were fabricated. They are cylinders made of
refractory metals, clad with a tantalum layer by means of Hot Isostatic Pressing
(HIP).

High residual stresses resulting from the HIP cycle are expected and its as-
sessment is indispensable to validate the targets thermo-mechanical simulations.
Techniques such as hole drilling, X-ray diffraction and microscale Focused Ion
Beam (FIB) ring-core milling followed by Digital Image Correlation (DIC) anal-
ysis were employed to determine and understand the residual stress distribution
in those parts.

The presented Master’s thesis has been developed at CERN Engineering de-
partment (EN), in the Materials and Metrology group (MME) under the di-
rect supervision of Josep Busom Descarrega (CERN) Ana Teresa Pérez Fontenla
(CERN) and Raino Mikael Larsen (Aalborg University).

v



vi



Contents

Acknowledgements iii

Abstract v

1 Introduction 1

1.1 Context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.1 CERN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.2 EN-MME Group . . . . . . . . . . . . . . . . . . . . . . . 4

1.1.3 Search for Hidden Particles (SHiP) project . . . . . . . . 4

1.1.4 Beam Dump Facility (BDF) target design . . . . . . . . . 6

1.1.5 Hot Isostatic Presssing (HIP) process . . . . . . . . . . . . 10

1.2 Residual stresses . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.2.1 Shot penning induced residual stresses . . . . . . . . . . . 13

1.2.2 Thermal stresses . . . . . . . . . . . . . . . . . . . . . . . 13

1.2.3 Machining residual stresses . . . . . . . . . . . . . . . . . 14

1.3 Residual stresses measurement techniques . . . . . . . . . . . . . 15

1.3.1 Hole-drilling strain-gauge method . . . . . . . . . . . . . . 15

1.3.2 X-Ray diffraction . . . . . . . . . . . . . . . . . . . . . . . 16

1.3.3 FIB-DIC ring core analysis . . . . . . . . . . . . . . . . . 17

1.4 Goals of the project . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.4.1 Assessment of residual stresses in BDF (as with ISIS) . . 19

1.4.2 Validation of FIB-assisted ring-drilling residual stresses eval-
uation as standard analysis technique . . . . . . . . . . . 20

2 Methodology 21

2.1 Hole-drilling strain-gage methodology . . . . . . . . . . . . . . . . 21

2.2 X-Ray Diffraction (XRD) Methodology . . . . . . . . . . . . . . . 23

2.3 FIB-DIC ring-core analysis . . . . . . . . . . . . . . . . . . . . . 28

vii



viii Contents

2.3.1 Patterning and surface decoration . . . . . . . . . . . . . . 29

2.3.2 SEM imaging optimization . . . . . . . . . . . . . . . . . 30

2.3.3 Milling procedure . . . . . . . . . . . . . . . . . . . . . . . 31

2.3.4 Digital Image Correlation (DIC) . . . . . . . . . . . . . . 33

2.3.5 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . 36

3 Residual stresses in shot-penned aluminum sample 41

3.1 Prototype description . . . . . . . . . . . . . . . . . . . . . . . . 41

3.1.1 Material properties . . . . . . . . . . . . . . . . . . . . . . 41

3.1.2 Sample extraction and workplan . . . . . . . . . . . . . . 42

3.2 Residual stresses analysis . . . . . . . . . . . . . . . . . . . . . . 44

3.2.1 Macroscopic hole drilling . . . . . . . . . . . . . . . . . . . 44

3.2.2 XRD analysis . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.2.3 FIB-DIC analysis . . . . . . . . . . . . . . . . . . . . . . . 47

3.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4 Residual stresses analysis in BDF prototypes 51

4.1 Prototype description . . . . . . . . . . . . . . . . . . . . . . . . 51

4.1.1 Materials properties . . . . . . . . . . . . . . . . . . . . . 52

4.1.2 Production process (HIP) . . . . . . . . . . . . . . . . . . 56

4.1.3 Sample extraction and workplan . . . . . . . . . . . . . . 59

4.1.4 Mechanical and chemical polishing . . . . . . . . . . . . . 59

4.2 Residual stresses analysis . . . . . . . . . . . . . . . . . . . . . . 62

4.2.1 Preliminary FEM simulations . . . . . . . . . . . . . . . . 62

4.2.2 Macroscopic hole drilling . . . . . . . . . . . . . . . . . . . 66

4.2.3 XRD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.2.4 FIB-DIC analysis . . . . . . . . . . . . . . . . . . . . . . . 71

4.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.3.1 Residual stresses induced by sample preparation . . . . . 76

4.3.2 Residual stresses due to turning operation after HIP . . . 76

4.3.3 Incomplete annealing during HIP . . . . . . . . . . . . . . 77

4.3.4 Artifact due to the crystal orientation . . . . . . . . . . . 77



Contents ix

5 Conclusions 81

Bibliography 83

A Used acronyms A-1

B Notes on thermo-mecanical stresses in BDF B-1

C FIB-DIC operator's manual C-1

C.0.1 Milling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C-1

C.0.2 DIC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C-2

D Hardness measuremetns of Al, Ta and Ta2.5W materials D-1

E BDF targhet prototypes technical drawings E-1



x Contents



Chapter 1

Introduction

With the goal of expanding the range of sub-atomic particles and interactions
observable at the European Laboratory for Particle Physics (CERN), a new Beam
Dump Facility (BDF) is in the design phase.

A beam dump consists of a �xed target aimed at absorbing the majority
of incident protons and containing most of the cascade generated by the beam
interaction.

The BDF is intended to be placed at the Super Proton Synchrotron (SPS)
particle accelerator. Civil works are expected to start in 2024 and the �rst Beam
On Target (BOT) event is expected in 2027.

The SPS beam is expected to deliver 2.3 MJ of energy1 to the target every 7.2
seconds. The thermo-mechanical stresses at the beam impact region constitute
a major design challenge.

To cope with all the physic and engineering requirements, the current de-
sign of the BDF target consist of several co-linear cylinders of refractory metals
(molybdenum - Mo - and tungsten - W - based) of 250 mm in diameter and
variable thickness, actively cooled by �owing demineralised water.

To protect the target cylinders from the erosion-corrosion phenomena caused
by the water cooling, Tantalum (Ta) based cladding was considered.

The clad is 1.5 mm thick and is joined to the core material by means of Hot
Isostatic Pressing (HIP) assisted di�usion bonding technique.

The coupling of di�erent materials at joining temperature di�erent from the
operation temperature cause residual stresses due to their di�erence in Coe�cient
of Thermal Expansion (CTE).

In targets based on similar design, pre-mature failure at the clad level has
been observed and attributed to the presence of residual stresses.

The knowledge of residual stresses distribution plays a crucial role in the
expected fatigue life during service.

1Roughly equivalent to the kinetic energy of an average-size car traveling at 130 km/h

1
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Goal of the presented project is the experimental evaluation of residual stresses
in the clad material of several BDF target prototypes, representative of the �nal
design.

To evaluate the stress condition in the complete thinness of the clad material,
an innovative measurement protocol for the analysis of residual stress distribution
on a micron-scale (FIB-DIC methodology) has been employed on cross-sections
of the prototypes.

The technique is based on incremental Focused Ion Beam (FIB) milling, com-
bined with high-resolution in situ Scanning Electron Microscopy (SEM) imaging
and full �eld strain analysis by digital image correlation (DIC).

The FIB-DIC method has never been applied before at CERN laboratories.
To test and validate the methodology, the technique has been applied to on
the cross-section of a shot-peened aluminium sample of known residual stresses
pro�le.

In both alluminum and BDF prototypes the residual stresses obtained apply-
ing the FIB-DIC methodology have been compared with the ones obtained by
more conventional techniques such as X-Ray Di�raction (XRD) and incremental
blind-hole drilling.

The presented master's thesis project has been developed in a collaboration
between Aalborg University and CERN under direct supervision of J.B. Descar-
rega (CERN), A.T. Perez Fontenla (CERN) and Dr. R.M. Larsen (Aalborg
University).

1.1 Context

The framework in which the presented work is inserted is covered in the following
sections.

1.1.1 CERN

The European Organization for Nuclear Research (CERN) is the largest particle
physics research laboratory in the world. CERN is an international institution
with 23 member states active since 1954. It covers six square kilometers scattered
over 12 sites either side of the Frech-Swiss border near Geneva and runs a network
of six accelerators and a decelerators over more than 34 km of tunnels.

At CERN, proton particles generated by stripping the electron from hydrogen
particles by an electric �eld are accelerated at increasingly high energy using a
sequence of particle accelerators2, as illustrated in �gure 1.1:

2 In some experiments, Pb ions can also be used
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Figure 1.1: Accelerator complex at CERN

� Linac 2, to 50 MeV;

� Synchrotron Booster (PSB), to 1.4 GeV;

� Proton Synchrotron (PS), to 25 GeV;

� Super Proton Synchrotron (SPS), to 450 GeV;

� Large Hadron Collider (LHC), until the �nal record energy of 6.5 TeV.

Experiment halls are located along all the accelerator complex, to explore the
particle interactions obtainable in the full range of energies.

Since its institution, CERN enabled several important achievements in par-
ticle physics, contributing to 5 nobel prizes between 1973 and modern days, the
most recent of which is the con�rmation of the Higgs boson in 2012 which lead
to the Nobel Prize in Physics 2013 awarded jointly to François Englert and Peter
W. Higgs "for the theoretical discovery of a mechanism that contributes to our
understanding of the origin of mass of subatomic particles, and which recently
was con�rmed through the discovery of the predicted fundamental particle, by
the ATLAS and CMS experiments at CERN's Large Hadron Collider." [1].

The presented beam dump facility will produce secondary particles for the
Search for Hidden Particles (SHiP) experiment, operational in 2026 in a new SPS
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beamline. The primary goal of the SHiP project is to explain the predominance of
matter over antimatter in the universe by detecting weakly interacting particles
predicted by certain extensions of the Standard Model, a potential Nobel Prize
discovery. [2]

1.1.2 EN-MME Group

The CERN institution hosts about 12,000 users per year and 2,500 scienti�c,
technical, and administrative sta� members.

The presented project is conducted within the CERN Engineering depart-
ment (EN), mechanical and materials engineering group (EN-MME) materials
and metrology section (EN-MME-MM).

The purpose of the MME group is to provide speci�c engineering solutions to
the CERN community, combining mechanical design, fabrication, and material
science. [3]

The section is divided in three teams according to their speci�c mission:

Metrology - providing dimensional measurements for quality control in precision com-
ponents;

NDT - with the primary goal of ensuring quality control for components, applying
non-destructive techniques such as X-ray tomography, ultrasonic testing,
dye penetrant testing and other techniques.

Metallurgy - mainly focused on providing support for characterization of all types of
materials concerned by CERN needs, from development to failure analysis
applying techniques as metallography, electronical and optical microscopy
and mechanical testing are employed.

The presented project is developed within the Metallurgy team.

1.1.3 Search for Hidden Particles (SHiP) project

With the discovery of the Higgs boson, all the predicted constituents of the
standard model (SM) have been observed. However, the non-zero neutrino mass,
the existence of dark matter (DM), and the baryon asymmetry of the universe
(BAU) show that the SM still needs to be extended.

A large number of models Beyond the Standard Model (BSM) have been
proposed, some which rely on the presence of "hidden particles" not detected
by previous experiments because of their very small couplings (hidden sector in
�gure 1.2). [4]
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Figure 1.2: Sub-atomic particle and probability maps with highlighted the region
achievable with the current accelerators and detector complex and the foreseen
improvement of the SHiP project in the "hidden sector" [5].

New data at the low energy, high intensity frontier could be key factor in
exploring models with light weakly interacting new physics, and in searching for
Majorana neutrinos. [6]

To achieve the SHiP goals, a new general purpose �xed target at the Super
Proton Synchrotron (SPS) accelerator is in the designing phase. The target is
going to be installed in a new beamline to be constructed in the north area of
the SPS, in the Prevessin site (in �gure 1.3).

Since many of the hidden particles are result of the heavy hadrons decay, the
facility must maximize the hadrons production while minimizing the background.

Electrons, and photons must be stopped, the production of neutrinos from
light hadron decays must be minimized, and the detector must be shielded from
the residual muon �ux. The small coupling implies that the objects are very
long-lived compared to the bulk of the unstable Standard Model particles, hence
a distant detector with relatively large aperture angles is required to maximise
the acceptance.

The SHiP setup is expected to make possible measurements of tau neutrinos
with three orders of magnitude more statistics than available than in previous
experiments combined [6].

Civil works and excavation of the cavern is scheduled to start in 2024 and the
�rst Beam On Target (BOT) event is expected in 2027.

The total cost of the new �xed-target facility is estimated to be around 150
million CHF ( � 1 billion DKK), with the target and target complex infrastructure
covering 1/3 of the total �gure.
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Figure 1.3: BDF facility complex [7]

The presented project is considered a part of the Comprehensive Design Phase
(CDP) of the Beam Dump Facility (BDF) target component, scheduled to be
completed in the second quarter of 2019.

1.1.4 Beam Dump Facility (BDF) target design

In the particle accelerator context, a beam dump is a �xed target designed to
absorb the proton bunches circulating inside an accelerator when they are no
longer usable for experiments.

A beam can also be directed to a beam dump facility speci�cally to study the
resulting interactions with the target. Detectors at beam dumps allow to study
the interactions generated by the full beam impact (in the order of� 100.000
million protons per BOT event), as opposed to beam crossing where fewer than
20 collisions are generally expected at every event.

Due to the high deposited energy in high radiation environment, the Beam
Dump production target assembly design is one of the most challenging aspects
of the BDF.

For the SHiP requirements, the target needs to be designed with a material
with the shortest possible nuclear interaction length in order to maximize the
production of heavy mesons while minimizing the production of neutrinos.

Therefore, the very high beam power (350 kW on average, with peak power
during the spill of 2.56 MW - more data is presented in �gure 1.4) has is stopped
in a relatively small volume, with consequent generation of high temperatures
and high localized thermo-mechanical stresses.

These requirements have been the subject of a detailed conceptual study
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