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Abstract
The AD-target (Antiproton Decelerator Target) is the main antiparticle production element

of the CERN’s (European Organization for Nuclear Research) AD (Antiproton Decelerator)

complex. Antiprotons are produced by colliding a pulsed 1.5 · 1013 ppp (protons per pulse)

proton beam of 26 GeV/c momentum from CERN PS (Proton Synchrotron) with a fixed target

made of a dense and high-Z material.

However, one major surprising issue is observed. A significant drop in the antiproton pro-

duction takes place after few days of operation of a new target. For the time being, the real

causes of this drop have not been clearly identified. In the framework of the ELENA (Extra Low

Energy Antiproton Ring) project, a new upgrade of the CERN AD facility was initiated in 2016.

In the context of optimization of the full antiproton production system, an important part of

the upgrade involves the redesign of the antiproton target itself. In order to address specific

requirements for the new designs and operational procedures, a deep understanding of the

target system under irradiation of its evolution with time has to be carried out. The aim is to

enhance its performance, reliability and ultimately improve the antiproton production yield.

Two main phenomena have been retained as major damaging concerns for target operation:

(i) initially, shock waves as a consequence of the sudden increase of temperature in the target

material after each pulse and (ii) in the long term, radiation damage (like voids and bubble

creation, gas formation, swelling, embrittlement, etc.). The approach adopted in this work

consists in investigating the changes of the microstructure due to the thermally induced

stress waves and long-term radiation damage by linking them to the consequent changes of

mechanical properties of such materials as well as to the antiproton yield reduction. The main

studies focus on iridium, tantalum and tungsten-based materials, with an opening to other

materials for comparison.

PIEs (Post-Irradiation Examinations) are performed on targets extracted from the so-called

HiRadMat-27 and HiRadMat-42 experiments, together with the opening of one spent AD-

target. The objective aimed at understanding the phenomena of material damage occurring

in such devices. PIEs consisted in the use of classical metallurgical techniques, such as

LOM (Light Optical Microscopy), SEM (Scanning Electron Microscopy) and EBSD (Electron

Backscatter Diffraction), XRD (X-Ray Diffraction), in order to highlight possible changes in-

duced in the microstructure. The analyses were completed with micro- and nano-indentation

tests, which could allow to show the effects of the proton impact induced-changes (thermally

induced stress waves and irradiation).
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Abstract

Post-mortem analyses of the targets of the HiRadMat-27 and HiRadMat-42 experiments show

that this damage occurs very rapidly after only a few pulses. In the HiRadMat-27 experiment,

all materials (except tantalum) exhibited cracks. The HiRadMat-42 experiment has shed

light on the process of spalling damage that occurs for ductile materials such as tantalum

in dynamic regime. The opening of the AD-target has shown that the state of iridium is

fragmented on several levels. The conclusion of this thesis is that, in the current regime of the

AD-target, the effects of thermally-stress waves are the dominant factor in the production of

damage in the AD-target.

Keywords: AD-target, HiRadMat experiments, antiprotons, thermally induced stress waves,

irradiation, spalling, fracture, iridium, tantalum.
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Résumé
L’AD-target (Cible du Décélérateur d’Antiprotons) est le principal élément de production

d’antiparticules du décélérateur d’antiprotons du CERN (Organisation européenne pour la

recherche nucléaire). Les antiprotons sont produits par la collision d’un faisceau de protons

pulsé de 1.5 ·1013 protons à 26 GeV/c en provenance du PS (Synchrotron à Protons) du CERN

avec une cible fixe en matériau dense et à numéro atomique élevé.

Cependant, un problème surprenant majeur est observé. Une baisse significative de la produc-

tion d’antiprotons a lieu après quelques jours de fonctionnement après l’installation d’une

nouvelle cible. À ce jour, les causes réelles de cette chute ne sont pas encore claires. Dans

le cadre du projet ELENA (Extra Low Energy Antiproton Ring), une nouvelle rénovation et

optimisation de l’installation AD (Décélérateur d’Antiprotons) du CERN est prévue après 2016.

Dans le cadre de la nouvelle conception de la totalité du complexe de production d’antipro-

tons, une partie importante de l’optimisation concerne la nouvelle cible AD. Afin de répondre

aux exigences spécifiques liées aux nouvelles conceptions et procédures opérationnelles, il est

nécessaire de bien comprendre le système "cible" et son évolution avec le temps. L’objectif

est d’améliorer ses performances, sa fiabilité et, en définitive, le rendement de production

d’antiprotons.

Deux processus physiques ont été retenus comme principale source de dommage pour le

fonctionnement de la cible : (i) au début, les ondes de choc résultant de la hausse soudaine de

la température du matériau cible après chaque impulsion et (ii) à long terme, les dommages

par irradiation (comme la formation de vides et de bulles, la formation de gaz, le gonflement,

la fragilisation, etc.). La démarche suivie vise à étudier les modifications de la microstructure

dues aux ondes de choc induites thermiquement et aux dommages par irradiation à long

terme en les associant aux modifications des propriétés mécaniques de ces matériaux, ainsi

qu’à la baisse de production d’antiprotons. Les principales études portent sur les matériaux à

base d’iridium, de tantale et de tungstène, avec une ouverture sur d’autres matériaux.

Des PIEs (Examens Post-Irradiation) ont été effectués sur des cibles provenant des expériences

appelées HiRadMat-27 et HiRadMat-42, ainsi que sur l’ouverture d’une cible AD utilisé. L’ob-

jectif est de comprendre les phénomènes de dommages survenant sur les matériels de tels

dispositifs. Les PIEs ont consisté à utiliser des techniques de métallographie classique, telles

que la microscopie optique (LOM), la microscopie électronique à balayage (SEM) et la diffrac-

tion à rétrodiffusion électronique (EBSD), la diffraction des rayons X (XRD), afin de mettre

en évidence les modifications possibles induites sur la microstructure ses matériaux. Les

analyses ont été complétées par des tests de micro- et de nano-indentation, qui permettent
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Résumé

de montrer les effets induits par l’impact du faisceau de protons (ondes de contrainte induites

thermiquement et irradiation).

Les analyses post-mortem des cibles issues des expériences HiRadMat-27 et HiRadMat-42

montrent que des dommages se produisent très rapidement après seulement quelques impul-

sions. Dans l’expérience HiRadMat-27, tous les matériaux (à l’exception du tantale) présen-

taient des fissures. L’expérience HiRadMat-42 a permis de mieux comprendre le processus

de dégradation par écaillage des matériaux ductiles comme le tantale en régime dynamique.

L’ouverture de la cible AD a montré que l’état d’iridium est fragmenté à plusieurs échelles. La

conclusion de cette thèse est que, dans le régime actuel de la cible AD, les effets des ondes

de stress thermique constituent le facteur dominant dans la production de dommages de la

cible AD.

Mots-clé : Cible AD, expériences HiRadMat, antiprotons, ondes de choc induites thermique-

ment, irradiation, écaillage, fracture, iridium, tantale.
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Introduction

At CERN (European Organization for Nuclear Research), physicists make antimatter that is

studied in experiments. The starting point is the AD (Antiproton Decelerator), which slows

down antiprotons for physicists to investigate their properties. The AD-target (Antiproton De-

celerator Target) system is the main particle production element of the CERN AD. Antiprotons

are produced by colliding a high energetic proton beam with a fixed target made of a dense

and high-Z material. The proton beam is coming from the CERN PS (Proton Synchrotron)

with an intensity of 1.5 · 1013 ppp of 26 GeV/c momentum.

A major surprising issue has been observed: a significant drop in the antiproton production

takes place after few days of operation of a new target. For the time being, the real causes of

this drop have not yet been clearly identified yet.

The AD-target area has remained almost the same since the late 80’s; in particular, the main

concepts of the target design have been unchanged since 1987. In the framework of the

ELENA (Extra Low Energy Antiproton Ring) project, a new upgrade of the CERN AD facility

was initiated in 2016. In this context, an important part of the upgrade involves the redesign

of the AD-target itself. Upgrades of the different systems are foreseen in order to guarantee

the continuity of the antiproton physics for the next 20 years.

In order to address specific requirements for the new designs and operational procedures, a

deep understanding of the target system under irradiation and its evolution with time has to

be carried out. The aim is to enhance its performance and reliability and ultimately to improve

the antiproton production yield. This objective requires studying the changes of mechanical

and microstructural properties of materials that are used as AD-target core.

There is evidence for a degradation of the microstructure during operation and that a drop

of the antiproton production is attributed to this degradation. Two main phenomena have

been retained as the major damaging concerns for target operation: (i) initially, thermally

induced stress waves as a consequence of the sudden increase of temperature in the target

material after each pulse and (ii) in the long term, radiation damage (like voids and bubble

creation, gas formation, swelling, embrittlement, etc.). The approach adopted for this study

is to identify the changes of the microstructure due to the thermally induced stress waves

and long term radiation damage by linking them to the consequent changes of mechanical
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properties as well as to the antiproton yield reduction. The main studies focus on iridium,

tantalum, and tungsten-based materials, with an opening to other materials for comparison.

Regarding the reduction of uncertainties in targets response and the assessment of the AD-

target material selection, two experiments - the HiRadMat-27 (High-Radiation to MaTerials n°

27) and HiRadMat-42 (High-Radiation to MaTerials n° 42) experiments - were developed and

executed at the CERN’s HiRadMat (High-Radiation to MaTerials) facility. The first experiment

(the HiRadMat-27 experiment) aimed at reproducing the equivalent conditions of temperature

and stresses as those found in the AD-target. In order to make it possible, thin rods (8 mm

diameter - 140 mm length) of high-Z materials such as Ir, W, Ta and Mo among others were

impacted with several shots of a 440 GeV proton beam. In the light of the results of the

HiRadMat-27 experiment, the HiRadMat-42 experiment was performed. The latter focuses

on the tantalum response in a prototype target following a higher number of beam impacts.

Both HiRadMat experiments allows for studying the main effect of dynamics and thermally

induced stress waves on failure mode of materials, for which the long term radiation damage

can be neglected.

The opening of a spent AD-target with highly irradiated iridium samples represents a unique

opportunity for the analysis of iridium which has suffered from both highly dynamic stresses

and irradiation damage. The analyses of its target core add the long term radiation damage

effect to the previously proposed studies. This present work shows how to open such a target

and proceed with the investigation of its core.

This PhD thesis work focuses on an experimental approach. PIE (Post-Irradiation Examination)

of targets is performed in order to understand the phenomena of material damage occurring

in such devices. This fundamental endeavor will allow us to understand the origin of the

drop in antiproton production observed during the first moments of operation of one AD-

target at CERN. PIE consists in the use of classical metallurgical techniques, such as LOM

(Light Optical Microscopy), SEM (Scanning Electron Microscopy), EBSD (Electron Backscatter

Diffraction) and XRD (X-Ray Diffraction), in order to highlight possible changes induced in

the microstructure. The analyses are completed with micro- and nano-indentation tests to

show the effects of the proton impact induced changes (thermally induced stress waves and

irradiation) on mechanical properties. The origin of these changes may also be accounted

for by irradiation induced defects that alter the mechanical properties of the material and the

latter can be highlighted by such methods.

The 1st chapter, Theory and literature review, exposes the framework of the project, the

statement of the problem and the specific issues to be studied and the source of damage in

the targets. A review of the candidate materials for future AD-target designs is also performed

and the objectives of the thesis with the statement of the novelty of the proposed work are

exposed.

The 2nd chapter, Experimental procedures, presents the methods used to investigate the

materials: UT (Ultrasonic Testing), how metallurgical characterization was performed together
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with the related techniques (SEM, EBSD, etc.), measurements of residual stresses with XRD,

indentation microhardness measurements and how samples were prepared.

The 3rd chapter, HiRadMat-27 experiment, presents the details of the HiRadMat-27 experiment

and the tested targets. The target manufacturing process is briefly introduced together with

the target design considerations for the instrumentation during the experiment. Finally, the

PIE activities and results are described: UT inspections, samples preparation protocol, LOM,

SEM, EBSD, XRD and indentation microhardness measurements.

Similarly to the 3rd chapter, the 4th chapter, HiRadMat-42 experiment, presents the details of

the HiRadMat-42 experiment, the opening of the target, the first PIE, the samples preparation

and the analyses of the samples.

The 5th chapter, PIE of one spent antiproton production target, exposes a review of the target

designs, presents the spent AD-targets stored at CERN and their identifications, the necessary

numerical simulations in order to determine the gas production and the damage inside the

target. An important part of the chapter is dedicated to the opening of one spent AD-target

followed by the presentation of the examinations of the graphite internals and the iridium

core. Finally, nanoindentation tests are presented followed by a summary of the observations.

The 6th chapter is the discussion chapter. In this part, a restatement of the research questions

is briefly summarized. Then, the different contributions from the examinations performed on

the HiRadMat-27 and HiRadMat-42 experiments are discussed, together with the analyses of

one spent AD-target.

The 7th chapter concludes this PhD thesis and presents possible perspectives of future works.

The appendices collect all additional material not presented in the different parts of the thesis.
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1 Theory and Literature Review

1.1 Framework of the project

1.1.1 BIDs at CERN

A large number of BIDs (Beam Intercepting Devices) are operated at CERN in Geneva (Switzer-

land) interacting with the proton beam of the accelerator complexes. BIDs include mainly

particle-producing targets, beam shaping collimators, absorbers and dumps. As the result

of interactions with the beam, extremely high energy densities and high average power are

deposited in the core of these devices. Under operation when subjected to continuous beam

impacts, these devices must have a high reliability and not fail either under regular or acciden-

tal conditions [1].

Antiprotons can be reproduced in laboratory by the interaction of a high energetic proton

beam with such a BID: the AD-target. The latter is a fixed target and the main particle pro-

duction element of the CERN AD complex. Figure 1.1 shows the CERN Accelerator complex

with highlighted schematics of the AD-target, the future ELENA complex and the HiRadMat

facility [2]. While the AD-target receives beam coming from the PS, the HiRadMat facility

receives beam from the SPS (Super Proton Synchrotron).

1.1.2 Antiproton production at CERN

Understanding matter-antimatter asymmetry is one of the greatest challenges in physics nowa-

days. At CERN, the study of antimatter properties such as antihydrogen spectrometry or its

behavior under gravitational force is carried out with this objective. These studies are presently

being carried out within several experiments, such as ASACUSA (Atomic Spectroscopy And

Collisions Using Slow Antiprotons), ALPHA (Antihydrogen Laser Physics Apparatus), ATRAP

(Antihydrogen TRAP), AEGIS (Antihydrogen Experiment Gravity Interferometry Spectroscopy)

and GBAR (Gravitational Behavior of Antimatter at Rest) [4–8].
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Chapter 1. Theory and Literature Review

Figure 1.1 – CERN Accelerator complex [3] with highlighted schematics of the AD-target, future ELENA
complex and HiRadMat facility. While the AD-target receives beam coming from the PS, the HiRadMat
facility receives beam from the SPS.

More precisely, antiprotons are produced by the collision of a pulsed 1.5×1013 ppp proton

beam of 26 GeV/c momentum coming from the CERN PS with a fixed target made of a dense

and high-Z material. A shower of secondary particles are created as the result of the high

energy collision of the proton beam with the nuclei of the target atoms. Among these particles,

antiprotons are produced according to the reaction 1.1, where p is the incident proton, N is

the target nucleus, p the resulting antiproton, N∗ the remaining excited nucleus and X other

particles emitted in the process. For energy conservation reasons, the minimum kinetic energy

of the protons required to produce two "extra" particles (with total rest energy of 2m0c2) is

5.6 GeV [9, 10]. The produced particles have a wide range of energy and travel through the

target assembly where they are partially collected by a magnetic focusing device, called the

magnetic horn [11]. After the horn, antiprotons are then momentum-selected (momentum

centered in 3.6 GeV/c with a momentum spread of ∆p/p ∼ 6% [12]) and magnetically con-

ducted via the injection line to the AD ring. In this ring, they are slowed down to a momentum

of 100 MeV/c. The aim is to finally confine them by magnetic traps and to subsequently

produce of antihydrogen for further studies [8, 10].

p +N → p +p +N∗+X (1.1)
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1.1.3 Upgrade of the AD facility

In the framework of the ELENA project, a new upgrade of the CERN AD facility is planned

during the CERN Long Shutdown 2 (2019-2020). The ELENA ring is under construction and will

allow for an extra cooling of the produced antiprotons, decreasing their momentum further

down to 0.1 MeV/c. Currently, a necessary step for the capture of the produced antiprotons

consists in passing them through a thin foil, resulting in the annihilation of more than 99% of

the impacting antiprotons. The efficiency of the antiproton production is expected to increase

by several orders of magnitude avoiding this step thanks to the new ELENA complex [10, 13].

Together with the construction of ELENA, upgrades of the different systems in the AD-target

area are foreseen in order to guarantee the continuity of the antiproton physics for the next

20 years [6, 7, 9]. Figure 1.2 shows two of these systems (the AD-target and the magnetic horn)

in the AD-target area. The horn is located downstream the target and collects the downstream

produced antiprotons by magnetic focusing. The installation of a new 400 kA pulsed magnetic

horn mounted on a target and horn’s trolley is also foreseen.

Within the optimized redesign of the full antiproton production system, an important part of

the upgrade involves the redesign of the AD-target itself. The AD-target area has remained

almost the same from the late 80’s [7], in particular the target design, whose main concepts has

been unchanged since 1987 (see figure 1.3 for a detailed view of the current target design). In

order to address specific requirements for the new designs and operational procedures, a deep

understanding of the target system and its behavior with time has to be carried out. The aim

is to enhance its performance, operational reliability and ultimately improve the antiproton

production yield.

1.2 Statement of the problem and specific issues to be studied

1.2.1 The present design

The science of antiproton at CERN is a 50 years history [14]. From the late 70’s until 1984, the

LEAR (Low Energy Antiproton Ring) and the AA (Antiproton Accumulator) were the facilities

providing antiprotons for the proton-antiproton collisions in the SPS. In 1986, the capability for

storing antiprotons was improved in the AA thanks to the construction of the ACOL (Antiproton

Collector) for a program that lasted ten years. Finally, in 1997, the AA was disassembled and

the ACOL transformed into the present AD facility [15]. The AD has been operating since then

producing low energy protons in the decelerator ring.

The present configuration of the production zone dates back to the late 80’s. Early 90’s, up to

11 water-cooled designs were existing for the AD-target [16] (resulting in different external

shape, see section 5.2). However, the main design that has been retained and still in operation

consists of a core target made of iridium material in a form of a 55 mm long, 3 mm diameter rod

encapsulated in a 15 mm diameter graphite matrix. The whole assembly is in turn embedded

into a water-cooled Ti-6Al-4V body [17]. Figure 1.3 shows the the exploded view of the current
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(a)

(b)

Figure 1.2 – (a) Current AD-target and magnetic horn. Remark: the horn is transversely displaced
compared to the operation position. During operations, the target and the horn are in line with the
proton beam [10]. (b) AD-target Layout. Highlighted items are the proton beam coming from the PS,
the target and the magnetic horn, the collimator, the beam dump and the injection line towards the
AD ring after the "dog-leg" [7].
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water-cooled AD-target and a schematic of the water-cooled AD-target design with its pipes.

The target is cooled-down thanks to 8 gun-drilled radial holes, in which cooling water is

circulating through at a nominal flow of 0.6 l/s pressurized at 10 bars. A brief description of

the current design will explain the purpose of the relevant parameters.

(a) (b)

Figure 1.3 – (a) On the left: exploded view of the current design of the AD-target. (b) On the right:
schematic of the water-cooled AD-target design used from 1987 to today.

1.2.2 Brief description of the current design

During the 80’s, an active research program was performed to improve the design of the

AD-target by increasing the antiproton yield [17–21]. Efforts were put to reduce the target

length. Several designs (water-cooled vs air-cooled targets, passive vs active targets), high-Z

core materials (rhenium, iridium tungsten) and lenses (Li-lenses vs magnetic lenses) were

tested and the performances were compared.

Historically, copper, tungsten, rhenium and iridium were employed in past designs as target

cores. Copper was considered as target material, since in Cu the number of p’s produced

per absorbed p is on average about 20% higher than in tungsten [21]. However, the hadron

inelastic scattering length λp of copper with respect to tungsten is higher and requires a longer

target core, which might lead to a reduction of collection efficiency from the magnetic horn.

λp defines the mean distance traveled by a hadron before undergoing an inelastic nuclear

interaction, while the antiproton reabsorption length λp defines the mean distance traveled

by a hadron before being reabsorbed by the matter.

The selection of the total length of the target core Lt has to be a compromise between the

incoming protons interaction, the produced antiprotons reuptake and a minimization of

transverse momentum spread∆p⊥ [22]. This length was found to be roughly 1−1.5×λp [22, 23].

The core shall be long enough with respect to λp to increase the probability of the incoming

protons to interact with the target core. At the same time, the core shall be short enough with

respect to λp to prevent the reabsorption of the produced antiprotons in the downstream part

of the target core.
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For materials with high density such as tungsten or iridium, an optimum target length was

found with λp ≈λp ≈ 50−60 mm [22, 23]. The antiprotons are produced with a relative wide

angular distribution with respect to the incident proton beam, in the range of 50-100 mrad [21].

For materials with low Z number and low density, this is a disadvantage for antiproton

production process. These two properties increase the λp of the material. This increase in

λp has to be "compensate" by an increase in the length of the target core. The length would

increase from 55 mm (typical length for iridium) up to 100-120 mm [10]. This compensation

for density by increasing the length of the core was also the strategy adopted for copper

targets in the 80’s (see section 1.2.2). However, this increase in the length of the core would

be unfavorable to the production of antiprotons. Thus, we would move away from a point

source configuration of the target, which is the most optimal configuration for the production

of antiprotons.

Moreover, in order to collect the maximum amount of antiprotons, the emittance of the

produced antiproton beam shall be kept as small as possible. This is motivated by the fact

that the transverse momentum spread ∆p⊥ is determined by the production process, and

thus, the transverse dimension of the incident proton beam shall be kept as small as possible

(highly focused beam). Sharp focus at the target is obtain by small emittance and strong lenses.

However, adapting the optics for both the primary and secondary beam over the whole length

of the target is difficult. This optic problem can be avoided by making the target as similar

as possible to a punctual source [17, 22, 23]. This is the reason why the use of dense high-Z

materials with short length of interaction (Lt ≈λp ) is preferable compared to lighter material,

such as copper.

In addition, the target material has to withstand also the extreme conditions of tensile stresses

and temperature reached in core due to its interaction with the proton beam (see section 3.1.3).

The core material needs to have a high melting point Tm due to the high reached temperature

during operation. Given all the constraints due to the complexity of the phenomena happening

in the target core, an iterative and empirical process of improvements took place over the year

until the final current design. The design of today dates back to the initial operation of ACOL

in 1987, which was inspired of the collection of all the accumulated experiences suggested in

the current guidelines [19]. Since then, the standard for the AD-target has become a target

with a ∅3×55 mm long in total iridium core pressed into a graphite cylinder and sealed within

a double-walled, water-cooled, titanium alloy container [17]. With 95% (2σ) of the beam lying

within a circular spot of 2 mm diameter, this ensures that all of the beam passes through

the iridium core. It is important to note also that in fact, for most of the targets, the 55 mm

total length of the core is not obtained by a single rod, but by the addition of split 5 to 10 mm

smaller rods. This is one reason to prevent core materials from warping due to the thermal

shock already identified at that time by Sievers [21]. The other one is the use of graphite as

confinement material.

The target core must be confined by an adequate material to prevent it from bending or

disintegrating. This material shall have a high melting point to resist high temperature, to
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withstand the induced thermomechanical effects caused by the beam (see section 3.1.3), to

allow for the heat dissipation via good thermal conductivity, and shall have a low density to

reduce re-absorption of produced antiprotons as explained above. This is the reason why

graphite has been used as a confining material, since it satisfied all these requirements. To

illustrate the efficiency of the use of graphite, Sievers [21] showed that the total λp yield at

3.7 GeV/c which is contained within a cone of ±50 mrad was reduced due to the presence of

the graphite by only 8% as compared with the λp yield of the same W target when no graphite

was applied. For "naked" target, 95% of all created antiprotons were escaping from the target

and the efficiency dropped at 60% for a "thick" W target.

Figure 1.4 – Target efficiency (escaping p’s over created p’s) of a 2 mm thick W target embedded in
various materials (see ref. [21] for more details).

Some targets have been prepared with an iridium core of ∅2 mm clad in electrodeposited

copper or nickel to an external diameter of 4 mm and then pressed into graphite. The cladding

contributes little to the production of antiprotons. It has been thought to limit the apparent

decrease of iridium density by mainly holding the iridium fragments when breaking due to

the thermally induced stress waves [17].

Torregrosa [10] studied numerically with hydrocodes the effect of the cladding on a ∅3 mm

tungsten core cladded with i) 1 mm of copper and ii) 1 mm of Ta. The target core was impacted

by the proton beam with the conditions (temperature, stresses, energy) reached in the AD-

target (see section 3.1.3). As a result, the radial tensile pressure was significantly reduced when

using copper and tantalum cladding. Up to 44% reduction was calculated in the maximum

tensile pressure in the center of the target when using Ta-cladding. The reason of this reduction

was attributed to 3 main reasons: i) a good impedance match between the core and the

cladding allowed for a partial transmission of the pressure wave from the core to the cladding

instead of coming back as a tensile wave, ii) a shift of the radial wave period due to larger

dimension leading to a reduction of constructive interference between two pulses, iii) the

plastic deformation of the cladding absorbing part of the energy.

Hydrocodes can simulate the ability for a material to fail under tensile pressure. When a

material cannot withstand a local stress greater than a given limit, the material fails. Several
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failure criteria exist [24, 25] in published works, such as the Strain to Failure Model for ductile

materials or Tresca for maximum shear. However, for the hydrocode simulations realized

for HiRadMat-27 experiment, Torregrosa [10] mainly used a MHPFM (Minimum Hydrostatic

Pressure Failure Model). The model assumes that the material fails under fracture when a

given threshold tensile pressure Pmi n is reached. Generally, this minimal tensile pressure is

obtained by impact testing, in which specimen undergo spalling fracture. Spalling normally

occurs at a free surface. It consists of a sudden fragmentation and ejection of materials when

a compressive wave has been reflected in a tensile pressure wave. Steinberg gives some spall

pressure of several materials obtained by impact testing [26]. Spall pressure can be obtained by

laser-induced stress waves testing as well. By this method, the spall strength of bulk tungsten

was estimated to be between 2.7±0.2 and 3.1±0.3 GPa in tension [27].

Hydrocode simulations of the W cladded with copper and tantalum have been performed

by Torregrosa [10] including a MHPFM. Figure 1.5 depicts simulations results assuming a

MHPFM (Pmi n = −2.6 GPa for W) of tungsten core material (a) without cladding, (b) with

1 mm Cu cladding and (c) with 1 mm Ta cladding, after the proton pulse impact.

Figure 1.5 – Hydrocode simulations assuming a MHPFM (Pmi n = −2.6 GPa for W) of tungsten core
material (a) without cladding, (b) with 1 mm Cu cladding and (c) with 1 mm Ta cladding, after the
proton pulse impact [10].

For the target core without cladding, the simulations predict that a large part of the material

undergo fragmentation. The use of a Cu cladding lowers the portion of cracked material. How-
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ever, the best improvement is obtained with the use of a Ta cladding. Simulations shows that

only ∼ 1% of the volume of W undergoes fragmentation, while the rest of the core experiences

plastic deformation. In the light of obtained results, the use of a Ta cladding could effectively

be a solution to reduce the fragmentation of the core of the target. A loss of local effective

density due to crack formation could then be avoided lowering the effect of the observed

reduction in antiproton production. However, it is important to note that the simulations

assume perfect bonding between the material core and the cladding. The improvement of the

cladding conferred to core material could be reduced or canceled in case of a debonding at

the core-cladding interface.

1.2.3 Operational experience and yield observations

The main issue of this design is that some published works pointed towards an effective

decrease in antiproton production yield up to 20% observed after periods of weeks or months

of machine running at high repetition rates [28–30]. As a first hypothesis, there is no extra loss

in the magnetic devices and in the injection line following the target over the time of operation.

Therefore, the observed decrease in antiproton production yield is considered to be caused by

an effective loss of density in the central part of the target rod, which results in a reduction of

the effective nuclear interaction length inside the target.

There is evidence that the loss of the antiproton production is attributed to a degradation of the

microstructure. However, the cause of this degradation has not been clarified yet. Two main

phenomena have been retained as the major damaging concerns for target operation [20, 28,

30, 31]: (i) initially, thermally induced stress waves as a consequence of the sudden increase of

temperature in the target material after each pulse and (ii) in the long term, radiation damage

(radiation damage, voids and bubble creation, gas formation, swelling, embrittlement, etc.).

Both types of damage might potentially lead to the failure of the target as well as in the

antiproton production reduction due to an effective loss of density in the central part of the

target rod. The possible consequence of cracks production due to thermally induced stress

waves results in a reduction of p-target interactions and thus of the antiproton production.

In addition to that, radiation damage induced during operation by the impact of the proton

beam like the formation of gas bubbles and voids was proposed as a cause for the effective

decrease in antiproton production yield, after periods of weeks or months of machine run-

ning [28, 30, 31]. As stated above, the target has to be replaced periodically to maintain the

desired performances [17].

For more details about target history, a summary design history, research program baseline,

and engineering constraints related to targets at CERN can be found in refs. [10, 23].
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1.3 Sources of damage in the targets

1.3.1 Past and recent studies of thermally induced stress waves

The protons of the beam interact with matter when passing through it. A determinant factor

is the temperature rise in the target. The protons lose part of their energy by electronic

ionization [32] and for beam energy higher than some tens of MeV, the energy loss due to

nuclear interactions becomes dominant [33]. However, both the electronic and nuclear

losses are proportional to the density of the target material. Therefore, the temperature rise

is generally dependent on the energy of the incident proton beam and the density of the

interacting material.

In the AD-target, extreme conditions at the impact location between the incoming protons

beam and the target material are expected. An adiabatic increase of temperature (depending

on the material, from 800 ◦C for copper [29] up to 2000 ◦C and above for Ir and W [23, 34])

is produced inside the target core material as a consequence of the energy deposition. This

temperature rise takes place in the order of few 0.43 µs, which is the duration of the proton

pulse. The consequence is a sudden thermal expansion leading to a sudden increase of

pressure inside the material and subsequent extreme stress wave phenomena at each proton

pulse. Simulations using proper J-C (Johnson-Cook) constitutive models for each materials

allowed for highlighting oscillating compressive-to-tensile pressure waves up to 4 GPa in

compression and -5 GPa in tension at the center of the rod during the first oscillations. The

stresses inside the structure, especially tensile stresses, greatly exceed the material yield and

ultimate strength. Also, strain rates well above 104 s−1 are easily reached as a consequence of

the sudden expansion of the material. The use of proper models is of primary importance to

predict the existence of high tensile states, since they are the main cause of material damage

in the target core. A model consisting of a perfectly elastic material would result in a totally

different distribution of pressure, mainly with oscillations taking place always in compressive

states and thus underestimating the real tensile response. This wrong response is due to the

limitation of the deviatoric component in stress tensor by the plastic limit of the material. More

details can be found in ref. [10]. These waves propagate through the target and surrounding

containment, where expected stresses are also high [28, 35].

First target tests, carried out during the late 70’s, already observed "shock wave" damage

induced by beam impact [36]. Figure 1.6 shows the fracture along the cylinder axis of a post-

irradiated tungsten target in 1979. An effort was made during 1978-1988 in order to identify the

relevant parameters and select the most suitable materials and designs to withstand this effect:

(i) the resistance of the material to thermal stresses, assessed by the factor f = Y / αLE was

proposed [36], for which a material with high yield tensile strength Y and low linear thermal

expansion coefficient αL and Young’s modulus E is desirable; (ii) the density ρ of the material;

and (iii) the fracture toughness K IC of the material (important from the point of view of crack

initiation and growth by the induced stresses).
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Figure 1.6 – Consequences of shock wave effects in a tungsten rod after an irradiation test in 1979 [18].

Special attention has to be paid to the brittleness of the material and to the brittle-ductile

transition. In this context, fcc (face-centered cubic) metals, which are ductile at low tem-

peratures, seem to be more appropriate than bcc (body-centered cubic) metals. This is the

main drawback of tungsten, which presents a bcc structure and is subject to brittle fracture

at temperatures below 300 ◦C. Iridium, although it has fcc structure, shows an exception-

ally brittle response, failing predominantly by BIF (Brittle Intergranular Failure) mode below

1000 ◦C [37]. However, a better stability of iridium with respect to tungsten under the shock

waves was mentioned [22]. Table 1.1 shows relevant mechanical properties of historically used

materials for this application and the new possible material candidates for a future AD-target.

Table includes as well as approximate increase of temperature in the target material after each

pulse [23, 38–43]. Torregrosa [23] proposed including the increase of temperature ∆T in the

material due to the interaction with the beam directly in the resistance to thermal stresses

factor f . The new corrected factor fc = Y /αLE∆T allows for direct comparison between

materials. This approach is equivalent to the "F.O.M. (Figure of Merit)" approach described in

ref [33], which takes into account the density of the material in the factor. However, since the

increase of temperature is proportional to the density of the material, these two terms can be

interchanged.

Material Iridium Tantalum Tungsten Molybdenum Copper
Atomic number Z 77 73 74 42 29
Density ρ (gcm−3) 22.6 16.6 19.3 10.2 8.96
Young’s modulus E (GPa) 528 186 410 320 128
Tensile strength Y , yield (MPa) 550-1320 170-1400 528 - >1200 241-415 33
Tensile strength YU , ultimate (MPa) 1000-2000 241-1400 980 - >1200 241-483 210
Thermal expansion αL (µm/mK) 6.8 6.5 4.4 5.35 16.4
Increase of temperature ∆T (◦C) ∼2200 ∼1900 ∼2000 ∼800 ∼800
Melting point Tm (◦C) 2443 2996 3370 2617 1085
Corrected resistance to thermal
stresses factor fc = Y /αLE∆T

1.67E-01 6.09E-01 3.33E-01 3.03E-01 1.25E-01

Fracture toughness K IC (MPa
p

m) 120-150 90-150 ∼5 20-40 ∼200
Crystal structure fcc bcc bcc bcc fcc

Table 1.1 – Comparison of mechanical properties relevant to withstand stress wave effects pulse [23, 38–
43].
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Tantalum presents the highest corrected resistance to thermal stresses factor fc and also an

excellent fracture toughness K IC . The second in the list would be tungsten, but this material

presents the lowest fracture toughness, due to its brittleness. For lower density materials

such as molybdenum and copper, molybdenum have a higher fc than copper, but the latter

presents the advantage of having a higher fracture toughness. Finally, iridium is the material

with the lowest fc among dense material, below tantalum and tungsten, but presents a higher

fracture toughness compared with tungsten, comparable to the tantalum one.

REXCO hydrocodes were used in the 80’s on several materials used for targets, copper and

iridium in order to assess the different target materials’ behavior under beam impact shock

waves. Calculations showed huge drops of the radial averaged density of the material during

the pulse (up to 50% for iridium and 30% for copper) as well as a non-return to normal zone

density after each pulse [44]. Estimations of the loss in antiproton yield caused by decreases

in target density over the time of the proton beam burst were done. These estimations

showed results approaching the effective loss in antiproton production yield: estimated yield

is reduced by 16% for dense materials as tungsten and iridium, and by 2.5% for copper [45].

Finally, REXCO hydrocodes were used also to assess the shock wave propagation for different

target material/insulator combinations, which in some designs were made of ceramic instead

of graphite [46].

1.3.2 Experiences at CERN to study the effect of the thermally induced stress waves

With regard to reduction of uncertainties in targets response and assess a proper AD-target

material selection, the HiRadMat-27 and HiRadMat-42 experiments [10, 47–50], have been

developed and executed at the CERN’s HiRadMat facility [2]. The HiRadMat-27 aimed at

impacting 440 GeV proton beams onto thin rods (8 mm diameter - 140 mm length) of high-Z

materials such as Ir, W, Ta and Mo among others, with the objective of reaching equivalent

conditions of temperature and stresses as those found in the AD-target, despite the different

primary beam energy and beam size at 1σ. More information can be found in the dedicated

literature review in chapter 3. In the light of the results of the HiRadMat-27 results, it has been

decided to perform the HiRadMat-42 experiment. The latter focuses on the tantalum response

in a prototype target following a higher number of beam impacts. A specific literature review

of this experiment can be found at the beginning of chapter 4. Both HiRadMat experiments

allows for studying the main effect of dynamics and thermally induced stress waves in material

failure mode, in which the long term radiation damage can be neglected. Radiation damage is

considered negligible in HiRadMat experiments due to the reduced number or cumulative

pot (protons on target) (see later on more details in section 3.1.2). However, radiation damage

shall not be neglected for long terms operations.

The achievements of the HiRadMat-27 and HiRadMat-42 experiments made it possible to

launch the study of several new designs of targets, named PROTADs (PROTotype AD-targets).

New configurations for the target core were simulated and tested in the new titanium shell
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design of the target. The new shell aims to replace the current water cooling system with a new

system of compressed air cooling, which should be safer from a radiation protection point of

view [10]. FLUKA (FLUktuierende KAskade) Monte-Carlo simulations (see section 1.3.4 for

definition) of these new designs were carried out to compare the efficiency of the antiproton

production of the new core configurations with the old design (see figure 1.7) [51]. Different

core sizes, configurations and materials, which are a combination of iridium and tantalum,

were modeled and tested in either the current isostatic graphite matrix or the EG (Expanded

Graphite) matrix (see chapter 4 for more details). The simulations show the result of antiproton

production after the magnet chain (see figure 1.2). We can see that the versions 5 and 6,

combining a target core of iridium and tantalum, give comparative results, if not better, than

the old design. The simulations were performed considering no damage in the models.

An additional experiment named HiRadMat-48 (High-Radiation to MaTerials n° 48) was re-

cently performed at the CERN’s HiRadMat facility with the aim of exposing up to six PROTADs

to similar conditions of those reached in the HiRadMat-27 and HiRadMat-42 experiments, but

at a higher number of proton pulse impacts [52]. PIE activities after PROTADs opening are

planned for 2019 and shall reveal additional inputs on how these kinds of target behave at

higher number of pulses.

1.3.3 Long term radiation damage

The second cause identified as major damaging concerns for the AD-target is radiation damage.

As it is very well described by Was [53], it is important to distinguish between the radiation

damage event and the radiation damage effects. During a radiation damage event, an incident

projectile coming from a flux of given particles (protons, neutrons, etc.) transfers its energy to

the impacted material resulting in a new distribution of target atoms after completion of the

event. This radiation damage event is composed of several distinct processes. An energetic

incident particle interacts with the lattice atom by transferring its kinetic energy to the latter,

giving birth to a PKA (Primary Knock-on Atom). The displaced atom is accompanied by the

creation of additional knock-on atoms to finally create a displacement cascade (collection of

point defects created by the PKA). The event is over when the PKA comes to rest in the lattice

as an interstitial. The vacancy-interstitial pair is known as a FP (Frenkel Pair). As a result,

the radiation damage event creates a collection of point defects (vacancies and interstitials)

and clusters of these defects in the crystal lattice. Commonly used in radiation material

science [53], the displacements performed by an atom in crystal lattice due to the irradiation

and resulting in displacement damage in a solid are given by the dpa (displacements per

atom). The definition of dpa is the number of times that an atom is displaced on average for a

given fluence. Radiation damage events are followed by radiation damage effects on materials

due to the irradiation. These effects include for example hardening of the material, isotropic

swelling, gas and void formation, growth (deformation), phase change, embrittlement etc.
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Figure 1.7 – (a) Schematics of one modeled PROTAD target. (b) Presentation of versions 5 and 6 of
different target core configurations combining iridium and tantalum. (c) Antiproton production after
all magnets chain of the different design and comparison with the old one [51].
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Studies of the 80’s [28–30, 45] identified radiation damage as the main cause of the observed

effective decrease in antiproton production yield, taking place rapidly (up to 20% of losses

after a period of weeks of machine operation). The main reason of this decrease was attributed

to the core density deterioration due to the irradiation gas formation and subsequent swelling.

Although this reason was introduced as a possible cause to explain the observed decrease of

production, it has never been proved.

High energy proton irradiation is very different to neutron irradiation due the fact that gas

formation (especially helium and hydrogen) is much more prone to happen in higher quantity

with the first type of irradiation than with the second one1 (see table O.3 in appendix O that

highlights this difference). Gas production and accumulation lead to the formation of bubbles

inside the material and as a result, swelling as net effect. In addition, the migration of produced

gas at grain boundaries might contribute to non-hardening embrittlement by lowering the

grain boundaries strength.

1.3.4 FLUKA Monte-Carlo code

FLUKA (for FLUktuierende KAskade) is a fully integrated particle physics Monte-Carlo simula-

tion package for calculations of particle transport and interactions with matter [54]. FLUKA

applications span from proton and electron accelerator shielding, accelerator driven systems,

target and detector design.

The physical models are regularly upgraded and compared with experimental data. This

includes particles such as photons and electrons (from 1 keV to thousands of TeV), neutrinos,

muons of any energy, hadrons (up to 20 TeV of energy), and of course all the corresponding

antiparticles (such as antiprotons for example) [54, 55].

The Monte-Carlo method consists in following the history of each particle in a system, from

its "birth" (external source, fission neutrons, ...) to its "death" (capture by a nucleus or flight

out of the system). The history of each particle depends on its interactions with matter. The

trajectory of the particle as well as the type of nucleus on which the interactions take place

are randomly drawn. Thus, one can simulate the natural behavior of the system at a given

moment.

For the purpose of this work, FLUKA Monte-Carlo simulations were used to generate the

energy deposition maps arising as a consequence of the proton beam interaction with the

targets. The code was also employed to calculate the damage induced by radiation in terms of

dpa and gas production.

1The gas formation depends on the proton energy as well. High energy protons tend to produce inelastic
reactions producing H and He, while thermal neutrons mostly produce transmutation due to thermal neutron
capture.
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1.4 Review of candidate materials for future AD-target designs

Considered candidate materials for the core of future AD-target designs are presented and

discussed herein. Materials were chosen and tested in the HiRadMat experiments, as described

hereafter in chapters 3 and 4 for HiRadMat-27 and HiRadMat-42 experiments respectively.

The selection of materials to be investigated in the two HiRadMat experiments was motivated

by the fact that the core target has to face extreme conditions and the latter are recreated in

these experiments [10].

As explained before in sections 1.2 and 1.3, an AD-target is subjected to several constraints

under operation and its design shall take into account all these aspects. The main relevant

parameters are divided into two main categories: (i) the intrinsic properties of the materials

used for the target (atomic number Z , density ρ, melting point Tm , toughness K IC , etc.), and

(ii) the geometry of the core target (the shape, length and diameter of the material, number

of slices, etc.). For the first category, two parameters are of relevant importance among all

other ones: i) the density ρ of the material, and ii) its melting temperature Tm . The denser

the material, the better, since it allows reducing the length of the target and getting as much

as possible to a point source target. For the second property, the denser the material, the

more energy will be absorbed under proton irradiation. Melting of the core has to be avoided

because it can lead to multiple issues: formation of voids with dispersal of material inside the

target, change in volume, swelling as well as safety considerations . The candidate materials

must therefore have a high melting point in order to withstand the elevation of temperature

due to the energy deposition and avoid melting.

Additional parameters have been retained such as high tensile strength at high temperature,

available information about materials’ behavior at high strain rate and temperature for the

simulations, ability to withstand radiation damage and finally, the applicability of candidate

materials to other target facilities [10]. Based on these requirements, the following materials

have been retained as possible candidate materials for future AD-target designs: iridium,

tantalum, W-based materials (pure W and W-La), Mo-based materials (pure Mo and TZM).

1.4.1 Iridium

Iridium has been the material of reference for the present antiproton production target at

CERN since the 80’s. Therefore, for the design of the future AD-target, the selection of iridium

to be tested in the HiRadMat-27 is a natural choice.

Iridium is a silvery-white fcc metal of the platinum group, with chemical symbol Ir and atomic

number 77. It is the second densest metal after osmium with a density of 22.56 g/cm3 for

22.59 g/cm3 for the latter, defined by experimental X-ray crystallography [56, 57]. Iridium

is a very hard and brittle material at RT (Room Temperature) with a very high melting point

(Tm = 2446 ◦C). Solid iridium is difficult to machine, to form or to work and therefore, pow-

der metallurgy is the usual method of processing this material [58]. Chemically, iridium is
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known also to be the one of the most corrosion-resistant metals, up to very high temperature

(2000 ◦C) [59–61]. Most of common etchants such as acids or aqua regia cannot attack it, as

well as molten metals or silicates. However, at higher temperature, it can be attacked by some

molten salts, such as sodium cyanide or potassium cyanide. The DBTT (Ductile-Brittle Tran-

sition Temperature)2 and the recrystallization temperature are given at 500 ◦C and 1000 ◦C,

respectively [63].

In terms of abundance, iridium is one of the rarest element found in the Earth’s crust, but

relatively common in meteorites. It is estimated that the annual production and utilization

is of only three tonnes [64], mostly obtained as a by-product from nickel and copper mining.

Its rarity makes this material very expensive, and thus, very limited in the utilization in

applications. Iridium enters in applications where generally a high melting point, hardness

and strength are required, together with corrosion resistance. Applications that can be cited

among others are spark plugs for automotive or navy industry, rocket thrusters coatings,

nuclear fuel containers in thermoelectric generators, crystal growth crucibles, etc. [60].

Iridium presents outstanding mechanical properties and is the sole refractory3 fcc metal.

It has a very high Young’s modulus (E = 524 GPa), the second highest one among metals,

only exceeded by osmium (560 GPa) [43, 66]. Coupled with a very high shear modulus G ,

this indicates the high degree of stiffness and deformation resistance. This explains the

difficulty of the fabrication process of such material. If brittleness in bcc metals is familiar, it is

not so common in fcc metals. Mordike provided the first tensile properties study of poly-Ir

(polycrystalline iridium) [67]. Tests were realized under static loading (5×10−3 s−1) up to

2000 ◦C on cold worked and recrystallized Ir. This study highlighted a sharp brittle-ductile

transition starting at around 900 ◦C, resulting in a monotonically moderate increase of the

ductility. The maximum ductility was found between 1300 ◦C and 1800 ◦C with an "apparent

observed elongation" of 10.2% against 1.1% at RT. The ultimate tensile strength YU was

>1000 MPa at RT and decreased below 100 MPa at temperatures above 1400 ◦C. Concerning

the fracture mode, at RT iridium showed a BIF mode. From 900 to 1600 ◦C, the failure was

partly intergranular and partly brittle transgranular with moderate ductility. Above 1600 ◦C, the

fracture became entirely a BIF with the observation of grain boundary movement. The latter

was of high importance, because the measurement of high "apparent observed elongation"

was entirely due to these intergranular movements rather than a deformation of the grains. In

other words, at high temperature, iridium showed some ductility but always broke in a brittle

manner. The intrinsic brittleness of Ir at the grain boundaries was attributed to impurity

segregation at these locations.

Other studies showed that poly-Ir fails predominantly by BIF mode, but also by BTF (Brittle

Transgranular Failure) mode at temperatures below 1000 ◦C and thus, practically without

preliminary elongation [37, 59, 60, 68, 69]. Intergranular fracture was observed up to 1400 ◦C.

2The DBTT is the temperature at which the brittle fracture of a metal becomes ductile. In temperature depen-
dence fracture testing, this transition is defined when the fracture energy passes below a predetermined value (for
steels typically 40 J [62] for a standard Charpy impact test).

3A refractory metal is defined as any metal having a melting point Tm greater than 2623 ◦C [65].
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It is worth noting that brittle fracture (both BIF and BTF modes) in fcc metals is not common.

Even nowadays, the nature of brittleness of iridium continues to be a puzzle. Hecker [37]

proposed that BIF is an inherent fracture mode of poly-Ir, but Panfilov [70, 71] put in doubt this

statement observing BTF as main inherent fracture mode of impurity-free single and poly-Ir.

A transition from BTF to BIF would be connected with an embrittling action of contaminants

at high temperature. Therefore, two main origins were attributed to the grain-boundary

embrittlement of poly-Ir [72].

On the one hand, the segregation of impurities at the grain boundaries is considered the

most likely cause of the weakening of interatomic interactions at grain boundaries leading

to BIF [67, 73]. High plasticity of Ir single crystals does not support the idea of an inherent

brittleness of this metal, although such material cleaves in tension (BTF) when plasticity

is exhausted [71]. The mechanical properties of poly-Ir proved to be very sensitive to non-

metallic contaminants, such as critical level as low as 10 ppm (parts per million) for carbon

and oxygen. Additionally, BTF was observed as the sole inherent fracture mode of high purity

poly-Ir at RT [74]. Neither recrystallization in 10−5 Torr vacuum nor the geometry of applied

stress or grain size induced BIF in high purity Ir.

On the other hand, the brittleness occurring in poly-Ir is considered an "intrinsic" property

of iridium without strong influence of impurities [37, 63, 75–78], and has to be understood

in the light of the atomic binding. The use of several models4 of brittle fracture showed that

cleavage in iridium is intrinsic and may result from very strong interatomic forces and its high

elastic modulus [37]. Also, freshly fractured intergranular boundaries in poly-Ir were analyzed

with Auger electron spectroscopy and failed to locate any impurity segregation at the grain

boundaries. Thus, BIF mode was also considered intrinsic.

Yang studied the mechanism of DBTT and fracture behavior of poly-Ir under tensile tension at

strain rate of 1.9×103 s−1 from RT up to 1600 ◦C [68]. Figure 1.8 shows the obtained engineering

stress–strain curves, tensile strength and elongation at break of poly-Ir in the temperature

range of 25–1600 ◦C. In this study, an anomalous increase of the tensile strength was observed

below 600 ◦C, followed by a decrease of this property with increasing temperature. Elongation

at break increased slowly from RT to 700 ◦C up to 9.88% followed by a sharp transition to

31% at 800 ◦C (see figure 1.8). Brittle fracture showed a mixed fracture mode of intergranular

and partial transgranular cleavage pattern, with BIF mode dominating. However, the portion

of intergranular fracture decreased with increasing temperature. At 600 ◦C, higher strength

was observed than at RT. Iridium underwent some degree of plastic deformation, but still

broke in a brittle manner. The relative degree of work hardening could explain the higher

fracture strength at 600 ◦C compared to RT. Ductile fracture with the formation of microvoids

coalescence and localized necking was observed from 800 ◦C and above. Based on stress-

strain curves and fracture observations, DBTT was suggested to take place around 800 ◦C.

TEM (Transmission Electron Microscopy) revealed massive dislocation tangles below 700 ◦C

4Two models were used: i) the calculation of the ratio K /G of the bulk and shear moduli [79], and ii) the KTC
(Kelly Tyson and Cottrell) model [80].
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blocking the dislocations movement. At higher temperatures, tangles were significantly lower

increasing the number of slip systems. Conclusions were in line with other studies, in which

atomically brittle cleavage and intergranular fracture were attributed to the fact that very high

density of dislocations in iridium prevents additional dislocations glide. As a result, stress

concentration cannot be relaxed through dislocation-mediated plasticity [81, 82].

(a) (b)

Figure 1.8 – (a) Engineering stress–strain curves, and (b) tensile strength and elongation at break of
poly-Ir in the temperature range of 25–1600 ◦C [68].

Above 1600 ◦C, iridium is the only metal that maintains relatively good mechanical properties

in air and shows good resistance against oxidation. Tensile tests between 1600 ◦C to 2300 ◦C

showed reductions of the yield strength Y and the ultimate tensile strength YU from ∼ 40 MPa

to ∼ 8 MPa and from ∼ 90 MPa to ∼ 15 MPa, respectively [60, 83]. In ref. [83], dynamic

recrystallization was observed at these temperatures and was considered to play an important

role in the high temperature deformation behavior of pure iridium. As soon as dynamic

recrystallization started, a more severe softening and load decrease were observed. In addition,

overlapping slip bands in different directions were observed in some grains. This was an

indication that different slip systems were activated during the experiments. PIE revealed

dynamic recrystallization in areas of high stress concentration and strong deformation (at

crack tips or at the fracture in the necking areas).

A characterization campaign under dynamic loading conditions was performed by the DYNLab

of Turin (Italy) [84] and CERN on pure Ir from Goodfellow [40]. The purpose was to obtain

the strength model parameters for the simulation of future BIDs at CERN. The campaign led

to the development of a J-C strength model applicable to iridium [85]. Tests were performed

from RT to 1250 ◦C both in quasistatic and dynamic loading conditions (strain rates from

10−3 s−1 up to 104 s−1). Figure 1.9 shows the engineering stress versus engineering strain

curves at different temperatures under quasistatic and dynamic loading conditions. At low

temperature for low strain rate, an uniform elongation phase followed by a brittle fracture

could be observed. Metallurgical observations revealed typical BTF up to 500 ◦C for both low

and high strain rates: cleavage with river patterns, several cleavage steps and cracked grain
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boundaries. At mid temperature range at low strain rate, localized necking occurred between

250 ◦C and 850 ◦C with a mixed BTF and BIF mode appearing from 750 ◦C. For the same

temperature range but at high strain rate, hardening before necking was observed. Compared

to low strain rate, BTF also took place at 750 ◦C, much in a smaller ratio. Above 1000 ◦C, the

proportion of BIF compared to BTF increased up to 80% at low strain rate, while for high strain

rate, BIF also increased, but BTF was dominant. The modification from BTF to a BIF was

attributed to the recrystallization at temperature above 1000 ◦C [71]. Finally, the obtained

results were compared to the scientific published works. Figure 1.10 shows a comparison of

the ultimate tensile strength versus temperature with data coming from scientific published

works. Obtained data present an increase of almost ∼ 400% with the previous discussed data

from Yang [68].

(a) (b)

Figure 1.9 – Experimental results: engineering stress vs engineering strain curves at different tempera-
ture under (a) quasistatic loading, and (b) dynamic loading [85].

1.4.2 Tantalum

Tantalum is a gray-blue metal of atomic number 73 and of symbol Ta. It is quite heavy (density

ρ = 16.4 g/cm3), hard but ductile, very resistant to corrosion of acids, and a good conductor of

heat and electricity. Its melting point is very high (Tm = 2996 ◦C) [39] and is only exceeded by

osmium, tungsten, carbon and rhenium. Two crystalline phases (alpha and beta) of Tantalum

exist [87]. The alpha phase is a relatively ductile and soft bcc structure. The beta phase is

a hard and brittle tetragonal structure. The beta phase is metastable and changes on alpha

phase at temperatures of 750−775 ◦C. Bulk Ta is alpha phase.

The first application of tantalum is electronics where about 68% of annual production is

used in this field [88]. It is mainly used in the construction of capacitors. Tantalum is also

used in the development of superalloy as additive [89]. These alloys are used mainly in very
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demanding environments thermally and/or chemically as the turbine blades of jet engines or

those of gas turbines, missile parts, tanks, nuclear reactors, etc. It is used for the manufacture

of cutting tools in the form of carbide (TaC). In the field on accelerator technology, tantalum is

extensively used as cladding target material for target core blocks: pure Ta in ISIS at the STFC

RAL (Science and Technology Facilities Council Rutherford Appleton Laboratory) [90], for the

targets at the LANSCE (Los Alamos Neutron Science Center) [91], at KENS [92], or in the form

of a Ta2.5W alloy for the future BDF (Beam Dump Facility) target at CERN [93–95].

Pure Ta has a Young’s modulus of 186 GPa at RT. Annealed pure Ta rods from Plansee [39]

show yield Y and ultimate YU tensile strengths ≥ 103 MPa and ≥ 172 MPa, respectively, with

an elongation at break of ≥ 25%. Elongation at break above 30% were reported [96]. YU can

increase up to 250-290 MPa and 390-460 MPa for stress annealed Ta rods and cold drawn Ta

rods, respectively [97]. Tantalum loses ductility with work hardening, but does not become

brittle. Depending on the level of deformation and purity, the recrystallization temperature is

between 900 ◦C and 1450 ◦C with 1h of annealing time [39]. For other sources, recrystallization

temperature is located between ∼ 1200 ◦C and ∼ 1500 ◦C (0.4-0.5 of the Tm) [98, 99]. At a

temperature of −200 ◦C, the DBTT is very well below RT.

Tantalum was extensively studied under dynamic loading conditions. Hoge [100] studied

the effect of temperature and strain rate on the dependence of the flow stress of Ta. Tests

were performed from −196 ◦C to 530 ◦C at strain rates from 10−4 s−1 to 2×104 s−1. At RT,

the study showed an increase on the yield strength up to ∼ 750 MPa at 4.9×103 s−1 against

∼ 180 MPa at 1×10−4 s−1, and the elongation at break was still high at high strain rate (∼ 28%

against ∼ 43%, respectively). The behavior of tantalum was then modeled with dislocation

mechanics based constitutive models [100, 101] to obtain material parameters for a Z-A (Zerilli-

Armstrong) strength model. Tensile experiments were performed at RT from strain rate range

of 10−4 s−1 to 3×103 s−1 [102]. Dynamic behavior of tantalum was investigated also by Chen

and Gray [103, 104] who performed tests with a Hopkinson Pressure Bar in compression at

strain rates in the range of 1.5×103 s−1 to 5×103 s−1 and at temperatures from −196 ◦C to

1000 ◦C. Parameters for J-C and Z-A models were obtained.

The microstructure of Ta can be severely impacted by dynamic loading. Shock loading gen-

erates dislocation substructures which depend on shock wave and material parameters [25].

The reached pressure is the most important parameters among the shock wave ones. The

dislocation density increases with the pressure. Additional phenomena can occur with shock

waves, such as dislocation generation, point-defect generation, deformation twinning, dis-

placive/diffusionless transformations.

Vecchio [98] tested tantalum in compression at high shear strain (up to ∼ 5%) and high

strain rate (3×104 s−1). The temperature rise calculated with J-C and Z-A showed the energy

provided by the high strain at high strain rate (assumed adiabatic) was insufficient to exceed

the recrystallization temperature and thus achieve dynamic recrystallization. A similar study

was conduced by Nemat-Nasser [99] who studied polycrystalline Ta under higher plastic shear
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strains γ up to 910% in compression at strain rates up to ∼ 5×104 s−1, at RT and at ∼ 600 K.

PIE highlighted plastic deformation concentrated in a narrow shear-localization region of

∼ 200 µm. Dynamic recrystallization was observed on adiabatically tested specimens at the

highest shear strain (900%) and tested temperature (∼ 600 K, with adiabatic rapid heating

calculated to ∼ 1900 K). Murr [105] highlighted that mechanical twinning is responsible for the

additional hardening of the microstructure. Pure Ta was tested in shocks-wave deformation

to a pressure of 45 GPa at a duration of 1.8 µs. The post-shock mechanical response was

considerably affected with generation of profuse twinning shock hardening. Microhardness

measurements were used to characterize the peak shock hardening at the peak shock pressure.

Results highlighted an increase of 66% with Vickers microhardness of 1.06 GPa for the as-

received tantalum sample and 1.76 GPa for the shocked sample. The microhardness for

as-received samples compressed in a quasistatic manner by 23% was measured at 1.56 GPa,

while the microhardness of shocked samples compressed in a quasistatic manner by 26%

was increased to 1.9 GPa. Additional examples of the use of microhardness indentations to

highlight the process of hardening of metals shock waves can be fond in published works [106–

108]. Supplementary studies on the how the temperature and the strain-rate sensitivity

influence the mechanical behavior of Ta can be found in refs. [109–112]. Tentative to develop

phenomenological constitutive relations were tempted. Shock waves can be used as a process

to harden metals with practical negligible strain in comparison to other processes such as

forging, rolling or extrusion [25]. This is due to the fact that most of the time this process is

realized by impacts or explosion and the shock wave propagation is a uniaxial strain process.

The shock-hardening in metals is due to the generation of defects such as point, line, interfacial

defects or tridimensional defects (phase transformation) are generally formed. However, the

response of individual materials to shock waves has to be separately studied and the generation

of defects is hard to predict [25].

Micromechanics of spall and damage in tantalum were studied by several authors [113–117].

In the field of high strain rate dynamic testing of materials, spalling is defined as a dynamic

material failure that takes place due to tensile stresses generated by the interaction of two

release waves [25, 113]. Usually, experiments are realized with a flyer plate impacting a target

creating a failure under dynamic uniaxial strain. Spalling occurs at strain rates of > 105 s−1.

Microvoids can be formed or a tear of an entire lip of material at the back surface of the

target can occur as a consequence of the tensile stress. The spall strength is a function of

the shock peak amplitude. Past experiments reported spall strengths of 5.2 GPa, 7.3 GPa and

3−4.5 GPa for 6 GPa, 9.5 GPa and 15 GPa shock amplitude, respectively [118–120]. In ref. [117],

the formation of isolated and roughly circular cavities with diameters from 40 µm to 300 µm

were observed following plate impact experiments in the 5-12 GPa range of shock pressures

for a 1.5 µs pulse duration. the spall strength was estimated at 5.2 GPa. LOM and SEM images

revealed intergranular void nucleation at triple points rather than transgranular cavitation

mechanism. Finally, the spall strength dependence on grain size and strain rate is highlighted

in ref. [116].
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On the subject of radiation damage, Chen [121] conduced investigations by microhardness,

three-point bending and tensile tests at RT and at 250 ◦C realized in specimens prepared from a

spent tantalum target of the pulsed spallation source ISIS. The spent target was irradiated with

800 MeV protons to a maximum fluence of 1.7×1025 p/m2 at temperatures lower than 200 ◦C.

All three types of mechanical measurements showed a progressive irradiation hardening. Pure

Ta retained very high ductility after proton irradiation, although a drop of ductility occurred

already at doses below 0.6 dpa (see figure 1.11). Strain to necking decreased from 30% to

10% at 0.6 dpa, but maintained constant. Byun [122] conducted similar investigations, but

obtaining results dramatically different with a drastic drop of ductility already at 0.14 dpa.

Such embrittlement was attributed to oxygen and nitrogen contamination.

Figure 1.11 – (A) Stress-strain curves of Ta specimens (tested at strain rate of 10−3 s−1): (a) tensile tested
at RT , (b) tensile tested at 250 ◦C [121]. (B) Engineering stress-strain curves for Aesar Ta1 after neutron
irradiation: (left) at RT, (right) at 250 ◦C [122].

1.4.3 Tungsten and W-alloy

Pure tungsten is a gray-white metal with symbol W, atomic number 74, and is very dense

(density ρ = 19.3 g/cm3). Polycrystalline tungsten is intrinsically brittle at RT [41, 123, 124] due

to its high DBTT and very hard material even under standard conditions when uncombined,

making it difficult to work. It can be cut with a hacksaw when it is very pure, but it is brittle

and difficult to work when it is impure, and it is normally worked by forging, extruding, or

stretching. This element has the highest melting point (Tm = 3422 ◦C) of all metals in pure

form and the highest tensile strength of all metals at a temperature greater than 1650 ◦C. Its

Young’s modulus is 406 GPa. Due to its very high melting temperature, tungsten is not melted

but sintered at high temperature as well as some of its compounds such as tungsten carbide.

Metallic tungsten forms a protective oxide layer when exposed to air.

Tungsten has a large number of uses, the most common being in the form of compounds or

alloys, such as the production of tools requiring great hardness (drills, abrasive powders, etc.).

In its pure form, it is mainly used in electrical applications (filament). The hardness and the

density of this metal make it ideal for making alloys used in the military field such as kinetic

penetrators for shields [125, 126]. More precisely for this specific field, WHAs (Tungsten-
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Heavy-Alloys) are some of the most used alloys among W-alloys. The reasons are because

they present better mechanical properties with higher ductility than pure W, still keeping a

very high density. The workability of this kind of alloys is improved thanks to the addition

of Ni, Fe and Cu (with ≥ 90% W matrix), which forms sintered metals with NiFe and NiCu

binder phases. Tests under dynamic loading are available for this class of alloys [127–129],

and show that the dynamic response is mainly dominated by pure W [130]. At CERN, the

LHC (Large Hadron Collider) TCTs (Tertiary Collimators) are operating a WHA for the blocks

of the collimators, known commercially as Inermet 180 (95%W-3.5%Ni-1.5%Cu) [131]. The

jaws of the collimators allow for obtaining a beam of limited cross section by "cleaning" the

beam. However, this class of materials shall be avoided for the future design of the AD-target,

because the latter undergoes very high temperature. The addition of Ni, Fe and Cu promotes

the apparition of liquid phases below 1500 ◦C [132], and any liquid phase is unwanted.

Its very high melting point makes tungsten particularly suitable in contexts that require high

mechanical strength at very high temperatures. Examples of application in which these prop-

erties are desirable are the plasma-facing wall material of the Tokamak thermonuclear reactor

of ITER (International Thermonuclear Experimental Reactor) [133] or neutron spallation tar-

gets, in which, in addition, high density and low neutron capture cross section is usually also

wanted. Pure W was the material of choice in several neutron spallation source facilities over

decades (LANSCE [91], ISIS [90], KENS [92]) and will remain a reference for future facilities,

such as the upcoming ESS (European Spallation Source) [134, 135] for example. At CERN,

the use of pure tungsten is foreseen for the future high power BDF target [95, 136] and was

considered as well as for the target of the n_TOF (Neutron Time-Of-Flight) facility [137]. Given

its past used for the old AD-targets, its suitable density and the importance of this material as

core target for the scientific community (the information collected during the HiRadMat-27

test could be used cross-wise for other applications), all these parameters played in favor for

testing this material [10].

The DBTT of tungsten depends on the degree of deformation applied below its recrystallization

temperature. The DBTT drops with the level of hardening and can even fall to 200−400 ◦C

with a high level of hardening [138]. DBTT increases with the percentage of recrystallization

annealing to those of the recrystallized metal. Pure tungsten recrystallizes completely in

1 hour at 1350 ◦C with an initial deformation level of 90% (test carried out on 1 mm thick

sheets) [39]. In order to keep a DBTT as low as possible, forged products with a stress relieved

annealing are preferred to recrystallized metals. The recrystallization temperature has an

influence on the material mechanical properties. Ductility and fracture toughness decrease as

the recrystallization level increases [39, 138].

Under static loading conditions, pure W rods shows tensile strength above 1200 MPa at RT.

At 1000 ◦C, both the yield and the tensile strengths drop to ∼ 350 MPa (tests performed on

∅25 mm rods) [39]. Above 1500 ◦C, the mechanical strength starts to decrease severely under

100 MPa. Under dynamic loading conditions, several studies of pure W can be found in

the published works tested at different range of strain rates and temperature [103, 125, 126,
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139, 140]. One of the most interesting is the one realized by Scapin at the Polito of Turin

(Italy) [141]. This study presents the advantage to have tested pure W from Plansee [39] used

in the HiRadMat-27 experiment. Small dog-bone specimens were tested both under static

and dynamic conditions. Tests were performed at two different strain-rates (nominal value of

1 s−1 and 1000 s−1). Due to the high DBTT, samples were tested from minimum temperature

of 250 ◦C and 400 ◦C under static and dynamic loading conditions, respectively. Below these

temperatures, the material was too brittle and failure occurred in the threaded section of the

samples. The maximum tested temperature was 1000 ◦C. Figure 1.12 shows the engineering

stress versus engineering strain curves for quasistatic tensile tests varying the temperature,

and tensile tests in dynamic loading conditions varying the temperature. In the dynamic

range, an increase of the yield strength of ∼ 50% is observed at 400 ◦C, while this increase

drops to ∼ 14% at 1000 ◦C.

Results on neutron irradiated tungsten in temperature between 90−85 ◦C to 0.03-2.2 dpa

indicate that voids and dislocation loops contributed to the hardness increase in the low dose

region (≤ 0.3 dpa), while the formation of intermetallic second phase precipitation, resulting

from transmutation, dominates the radiation-induced strengthening beginning with a rela-

tively modest dose (≤ 0.6 dpa) [142]. Vickers microhardness testing at RT of tungsten following

various irradiation conditions showed continuously increasing hardness with increasing ra-

diation dose. Irradiation effects on microstructure development and hardening of pure W

and W-Re-Os alloys were studied using fission reactor irradiation up to about 1–1.5 dpa in the

temperature range from 400 to 800 ◦C [143]. It was shown that voids were the major damage

structure in pure W. However, although being at the source of the major damage structure in

pure W, voids contributes mainly to the damage structure, but with negligible swelling for our

application. Irradiation in pure W up to 1000 ◦C and 9.5 dpa showed a swelling ≤ 2% [144].

As a first result, this swelling is considered too low to explain the reduction in antiproton

production yield up to 20% observed in the AD-target system [28–30].

A significant deformation of the microstructure makes it possible to maintain a low DBTT, but

the latter increases with irradiation. Any partial achieved ductility vanishes once the material

reaches 0.3-0.5 dpa [145]. An increase in yield strength and a decrease in ductility are observed

with a neutron flux of 0.9×1022 n/cm2 [146, 147]. Under proton irradiation, the same trend

is observed at irradiation up to 150 ◦C and up to 1 dpa: the yield strength is increased in

compression test and the ductility reduced [148].

Concerning the W alloys, the W-Re alloy would have the advantage of presenting an increase

of the recrystallization temperature and a lower DBTT compared to pure tungsten [39, 149]. As

a result, adding 3 to 5% of Re increases the ductility of tungsten. However, tests under neutron

irradiation revealed that the mechanical properties of this alloy degrade more significantly and

more rapidly compared to pure tungsten [150]. In addition, the element Re has a large thermal

neutron cross section and results in a high activity under neutron and proton irradiation [151].

Because of this, this alloy is unwanted for the AD-target application. If rhenium was used in

past targets (see section 1.2.2), in July 1985 there was an incident while testing a rhenium target.
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A failure of the stainless steel external envelope occurred and led to the release of rhenium

spallation products and radioactive materials. Based on the lessons learned, titanium was

used for the external envelope. Besides, new guidelines were established for future designs,

including the use of a closed-loop cooling system and a local secondary containment [10, 152].

Among all tungsten alloys, tungsten doped with 1% La2O3 presents interesting properties.

Doping tungsten with small oxide particles (in this case lanthanum oxide) increases its re-

crystallization temperature [39]. As a result, the mechanical properties at high temperature

are improved. By creating small point defects, the addition of oxide particles is also a good

way to increase the resistance to radiation embrittlement avoiding the accumulation of defect

clustering induced by irradiation. Irradiation tests up to 0.5 dpa on this material shown fa-

vorable stress strength at high temperature [153]. However, the addition of La2O3 does not

show any significant improvement on the DBTT. Therefore, this material is also limited to high

temperature uses. For the characteristics presented above, it was chosen to add this material

to the list of the materials to be tested in the HiRadMat-27 experiment [10].

(a) (b)

Figure 1.12 – For pure W, engineering stress versus engineering strain curves (an average curve was
obtained for each testing condition): (a) quasistatic tensile tests varying the temperature; (b) tensile
tests in dynamic loading conditions varying the temperature [141].

1.4.4 Molybdenum and Mo-alloy (TZM)

Molybdenum (Mo) is a silver-gray bcc metal with a high melting point of 2623 ◦C, which makes

it belonging to the category of refractory metals. Among the selected materials, only iridium

has a lower melting point. Mo has an atomic number of 42 and a density ρ of 10.2 g/cm3, which

makes it the "lightest" material among all the considered candidates. However, an atomic

number and a lower density are a disadvantage for the antiproton production process. These

two properties increase the λp of the material. Despite its lower density, molybdenum still
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remains an interesting potential material candidate for the target core of the new AD-target,

since the conditions reached in the core are considered less "extreme" for lighter materials [10].

The applications of molybdenum are extensive. More than two-thirds of molybdenum produc-

tion is used in alloys. Among the Mo-alloys, TZM is one of the most available commercially and

most extensively tested [154]. TZM material is a dispersion strengthened Mo-based alloy with

99.4% Mo, 0.5% Ti, 0.08% Zr and 0.01-0.04% C. Thus, the properties of TZM are significantly

improved thanks to the dispersed carbides. The latter precipitate during the manufacturing

process, acting as inhibitors for grain growth and recrystallization. The result is that the

recrystallization temperature rises practically by 300 ◦C with respect to pure Mo. Starting with

a same deformation level of 90%, complete recrystallization of the materials are achieved at

1100 ◦C and 1400 ◦C after 1h of annealing for pure Mo and TZM respectively [39]. For a similar

test in 1 mm sheets, another reference [154] found recrystallization temperature of 1000 ◦C for

pure Mo and 1450 ◦C for TZM.

Usually, TZM is employed in applications in which both high temperature resistance and

high mechanical stress strength are required. Examples are forging tools [155], facing-armor

materials for Tokamak application [156] and candidates for space reactors [157]. At CERN,

TZM is of high interest for current and future equipment. For example, TZM was selected as

core target for the potential BDF target [93] and it is employed as absorber in the new SPS

internal beam dump and as stiffener in the new LHC injection beam dump.

TZM presents also higher strength, hardness and good ductility at room and elevated temper-

atures [154]. At RT, pure Mo and TZM present a Young’s modulus of 320 GPa. Concerning the

mechanical strength properties, the latter are highly dependent on the temper state [39, 154].

At RT, for static loading in 1 mm stress relieved sheets, Mo shows a yield and an ultimate tensile

strength of 780 MPa and 800 MPa, respectively, while for TZM tested in the same conditions,

these values jump up to 1080 MPa and 1150 MPa, respectively (see figure 1.13) [154]. The

values are reduced by ∼ 10−15% at 200 ◦C and by 20−50% at ∼ 800 ◦C, independently of the

temper state. It has been observed that some differences exist in the literature5. Pure Mo and

TZM show a drastic diminution of the yield and tensile strengths (up to 50%) after recrystalliza-

tion annealing [39, 154] and thus should be avoided [154]. Stress annealing temper is preferred

for Mo-based alloys. About ductility, the elongations at break are ≥ 15% and ≥ 18% for pure Mo

and TZM ∅≤ 10 mm rods [39], respectively, which is the second more ductile tested material

after tantalum. In contrast to that of other metals, the ductility of molybdenum materials also

increases with increasing cold working. In other words, the ductility and fracture toughness of

molybdenum materials decrease as the recrystallization level increases [39]. As seen earlier,

the recrystallization temperature is an important factor. Another important factor that may

play a role on mechanical deformation is the DBTT. For pure Mo, the DBTT is about 0 ◦C and

the material is fully ductile above ∼ 200 ◦C [155]. However, many factors can increase the Mo

DBTT, such as test strain rate, temper state, alloy composition and impurity content [155].

The DBTT increases with high strain rate and recrystallization and can result in a DBTT higher

5Differences up to ∼ 10% can exist for different data, notably for the ultimate tensile strength [39, 154].
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than RT [157–159]. The DBTT of TZM is indicated to be below RT and lower than pure Mo.

However, TZM is also subject to the aforementioned parameters and can also fail in brittle

manner at RT [157].

The dynamic response of molybdenum was tested at different strain rates and temperatures.

Chen et al. tested molybdenum samples with various temperatures (from −196 ◦C to 1000 ◦C)

up to strain rates of 100 s−1. Constitutive models such as the J-C or Z-A were deduced from

these tests [160, 161]. More recently, pure molybdenum from Plansee [39] was tested under

static and dynamic loading conditions at different temperatures (from RT up to 1000 ◦C) both

in compression and tension [162]. Analyses were performed and a constitutive model J-C was

extracted from experimental data via a numerical inverse method based on FE (Finite Element)

numerical simulations. Static loading conditions at different temperatures allow us to obtain

information about the thermal softening of the material. Tests in dynamic loading conditions

in tension were performed at 1000 s−1. The material behavior was brittle at RT at could be

tested only from 100 ◦C on. Figure 1.14 shows the engineering stress versus engineering

strain curves (averaged for each testing condition) for quasistatic tensile tests varying the

temperature, and tensile tests in dynamic loading conditions varying the temperature. The

obtained yield strength is somewhat lower than the data presented in ref. [154]. In the dynamic

range, an increase of the yield strength of ∼ 80% is observed at 200 ◦C, while this increase

drops to ∼ 40% at 800 ◦C. With the recrystallization temperature of pure Mo expected between

900 ◦C and 1100 ◦C, a transition behavior could be observed: the dynamic test at 1000 ◦C

exhibits a drop in strength with respect to the test at 800 ◦C.

Concerning the radiation damage, pure Mo shows a general loss of ductility in comparison to

the unirradiated state. This result was homogeneously observed both for proton and neutron

irradiation with fluences of 2.0×1020 p/cm2 and 1.5×1022 n/cm2, respectively, in the case of

irradiation temperatures below 700 ◦C [163, 164]. For TZM, neutron irradiation at fluences

of 0.9× 1022 n/cm2 at irradiation temperatures of 370− 550 ◦C shows a significant loss of

ductility [146]. For proton irradiation, results of post-irradiation tensile tests show a strong

radiation hardening and a severe loss of ductility for pure Mo and TZM irradiated with 600 MeV

protons up to 0.5 dpa and tested at RT [165].
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(a) (b)

Figure 1.13 – (a) Yield strength and (b) Ultimate tensile strength versus temperature for Mo and TZM
obtained from tests in 1 mm thick stress-relieved sheets [94, 154].

(a) (b)

Figure 1.14 – Fore pure Mo, engineering stress versus engineering strain curves (an average curve was
obtained for each testing condition): (a) quasistatic tensile tests varying the temperature; (b) tensile
tests in dynamic loading conditions varying the temperature [162].

1.5 Objectives of the thesis and statement of the novelty of the pro-

posed work

Antiprotons are produced in the AD-target by colliding a high energetic proton beam with a

fixed target made of a dense and high-Z material. The present design of the AD-target dates
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back to the late 80’s. The following major surprising issue has been observed: a significant

drop in the antiproton production up to 20% takes place after a period of weeks or months of

operation of a new target. This decrease was attributed to an effective loss of density in the

central part of the target, resulting in a reduction of the probability of an incoming proton to

interact with a target core nucleus. However, for the time being, the real causes of this drop

have not been clearly identified yet.

There is evidence for a degradation of the microstructure during the operation and that a drop

of the antiproton production is attributed to this degradation. Two main phenomena have

been retained as the major damaging concerns for target operation: (i) initially, thermally

induced stress waves as a consequence of the sudden increase of temperature in the target

material after each pulse and (ii) in the long term, radiation damage (like voids and bubble

creation, gas formation, swelling, embrittlement, etc.).

The objective of this thesis is to study the changes of mechanical and microstructural proper-

ties of materials that are used as AD-target core and that take place during operation. More

precisely, the following points will be addressed to better understand the interactions of the

proton beam with the targets and their consequences on their integrity and functionality:

• What is the role of the thermally induced stress waves in the AD-target system?

• What is the damage related to the thermally induced stress waves?

• Is this type of mechanical loading responsible of changes in the microstructure of the

materials and if yes, what are these?

• How can the PIE results be linked with the results obtained by the numerical hydrocodes

used to simulate the material response in the AD-target core? Can the damage be

predicted?

• Does radiation damage play a role in the long term?

• Is there a mechanism of damage among the two mentioned (thermally induced stress

waves vs long term radiation damage) that is dominant?

• What is the cause of the observed degradation in antiproton production?

In other words, the approach adopted for this study is to identify the changes of the microstruc-

ture due to the thermally induced stress waves and long term radiation damage by linking

them to the consequent changes of mechanical properties as well as to the antiproton yield

reduction. The main studies focus on iridium, tantalum, and tungsten-based materials, with

an opening to other materials for comparison. This PhD thesis work focuses on an experi-

mental approach where PIE will be conducted on targets materials used in HiRadMat-27 and

HiRadMat-42 experiments as well as in one Ir-core spent AD-target.
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HiRadMat-27 and HiRadMat-42 experiments were developed and executed at the CERN’s

HiRadMat facility. The first experiment (HiRadMat-27) aimed at reproducing the equivalent

conditions of temperature and stresses as those found in the AD-target. In order to make it

possible, thin rods (8 mm diameter - 140 mm length) of high-Z materials such as Ir, W, Ta and

Mo among others were impacted with 440 GeV proton beams. In the light of the results of the

HiRadMat-27 results, the HiRadMat-42 experiment was performed. The latter focused on the

tantalum response in a prototype target following a higher number of beam impacts. Both

HiRadMat experiments allow for studying the main effect of dynamics and thermally induced

stress waves on failure mode of materials, for which the long term radiation damage can be

neglected.

The opening of one spent AD-target with highly irradiated iridium samples represents a unique

opportunity for the analysis of iridium which has suffered from both highly dynamic stresses

and irradiation damage. The analyses of its target core add the long term radiation damage

effect to the previously proposed studies.

This fundamental endeavor will allow us to understand the origin of the drop in antiproton

production observed during the first moments of operation of AD-targets at CERN. PIE consists

in the use of classical metallurgical techniques, such as LOM, SEM, EBSD and XRD, in order to

highlight possible changes induced in the microstructure. The analyses are completed with

micro- and nano-indentation tests to show the effects of the proton impact induced changes

(thermally induced stress waves and irradiation) on mechanical properties. The origin of these

changes may also be accounted for by irradiation induced defects that alter the mechanical

properties of the material and the latter can be highlighted by such methods.
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2.1 Introduction

This section introduces the common techniques and methods used for the preparation and

the analyses of the targets from both the HiRadMat-27 and HiRadMat-42 experiments and

of the target core extracted from one spent AD-target. A brief introduction to the method is

summarized with connections to appropriate references. Equipment used for the analyses

is then mentioned. Finally, the general testing conditions and parameters used during the

analyses are also summarized here.

2.2 UT tests

2.2.1 Goal and introduction to the method

Hydrocode simulations predict that damage will take place in the target of the HiRadMat-27

experiment (see section 3.1.3) and cracks have been observed at the surface of the rods (see

section 3.5). UT can be used to detect internal defects in parts and can give relevant results for

the analysis of the HiRadMat-27 targets.

UT is a very common non-destructive testing and evaluation of materials based on the trans-

mission and reflection of acoustic ultrasonic waves. Sound waves can provide useful infor-

mation about the media through which they travel. Short ultrasonic pulse waves transmitted

into the probed sample can detect relatively small internal defects in materials (such as cracks

for example). Indeed, by increasing the frequency of the sound waves (up to several MHz),

the sound wavelength in a given material is decreased, increasing the resolving power of

detecting small defects. UT covers a wide range in structural applications and it is used in

many industries, such as aerospace/aircraft, railroad, bridges, nuclear and many more. More

details about the method can be found in ref. [166].
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2.2.2 Equipment, testing conditions and parameters

UT inspections were performed at CERN using a Krautkramer USPC 2100 device with a probe

Harisonic I7-0512-T (∅0.750", FOC 6", 5.0 MHz) submerged in a water column of 120 mm.

The calibration was made on pieces with back wall echo at 100%. UT inspections were realized

before [167] and after [47, 168] irradiation tests. The different speeds of sound and gains used

to acquire the UT signals are summarized in table 2.1, while testing conditions are presented

in table 2.2. The speeds of sound for the considered materials are assumed to be isotropic.

Material
Speed of sound

(ms−1)
Gain
(dB)

Iridium 5200 67
Tantalum 4040 64
Molybdenum 6200 65
TZM 6200 65
Tungsten 5000 66
W-La 5000 66

Table 2.1 – Values of the speed of sound traveling inside different materials and gains used for the UT
inspections of each material.

Device Krautkramer USPC 2100
Probe Harisonic I7-0512-T (∅ 0.750", FOC 6", 5.0 MHz) + 2 m cable
Wave Type Frequency Angle Gain

Longitudinal 5 MHz 0° See table 2.1
Coupling media Water column 120 mm
Calibration On the piece, back wall echo at 100%
Sensitivity 1 mm FBH (Flat Bottom Hole) / test on W bar with 1, 2, 4 mm FBH

Scanning

The scan was made in 2 sections:
Down: side of longer flats (supports A, B and C)
Up: side of shorter flats (supports D, E and F)
See geometry of pieces in figure 3.5 or E.6 in appendix E for W-La material;
for others, drawings can be found in [167]

Table 2.2 – Testing conditions of UT inspections [167].

2.3 Metallurgical characterization

2.3.1 Introduction

The unirradiated and irradiated samples were analyzed with several techniques of microscopy

explained herein. The characterizations of unirradiated materials were performed mostly

at CERN [169–171], For the iridium, some analyses, were performed at Framatome GmbH,

Erlangen (Germany) [172].
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2.3.2 Principles of EBSD and KAM analyses

EBSD is a SEM technique that provides crystallographic data for the microstructure investiga-

tion of a sample [173, 174]. The SEM electron beam interacts with a tilted crystalline sample.

Diffracted electrons from crystalline planes fulfilling the Bragg’s law create a constructive

pattern that can be identified with a fluorescent detector. The formed diffraction pattern in

the incident electron beam interaction volume is analyzed by a software and compared with

simulated patterns of known materials and phases. As a result, this analysis provides infor-

mation about the crystallographic orientation, grain boundaries, different crystallographic

phases and local crystalline perfection.

More precisely, the incident electron beam from the SEM scans a defined grid across a poly-

crystalline specimen. At each point of the grid, the incident electron beam interacts with the

interaction volume. When crystalline materials exposed to radiation of a wavelength close to

interplanar spacing (i.e. 0.5-3 Å, which is the case for SEM) scatter elastically and coherently,

the angle at which any given peak occurs can be calculated using Bragg’s equation [175]:

nλe = 2dhkl sinθhkl (2.1)

where λe is the wavelength of the electrons, n is an integer, dhkl is the lattice plane spacing of

a family of crystallographic planes (hkl) responsible for the Bragg peak and θhkl is the angle of

incidence of the electrons on the diffracting plane.

The diffracted electrons create a group of paired large-angle cones matching with each diffract-

ing plane [173]. The created diffracted electron cones center lines that cross the phosphor

screen form the so-called "Kikuchi bands", and are utilized to determine the orientation of

the diffracting crystal. On each obtained image, the Miller indices of diffracting crystal index

each Kikuchi band. Changing from spot to spot on the selected grid, the diffraction patterns

can be automatically indexed and the crystal orientation can be determined for each point.

The entire process is automatic and an EBSD mapping can be obtained for part of the sample.

As a result of the process, a typical IPFz (Inverse Pole Figure for reference direction z) mapping

can be obtained: one color represents the orientation of one domain. IPFz represents that for

a domain orientation. For example, if the plane 111 of the domain is aligned to the z axis of

the sample, it will be represented by a blue color (red for 001, green for 101, respectively). The

grain boundaries are the limits between two grains where the relative orientation differs more

than a certain angle, usually considered as 10◦ or 15◦. They are represented as black lines. The

EBSD principles can be summarized in the figure 2.1.

The KAM (Kernel Average Misorientation) is a parameter that quantifies the average mis-

orientation around a reference measurement point with respect to a defined set of nearest

neighbor points [177, 178]. It has been suggested as a measure of the geometrically necessary
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(a) (b) (c)

Figure 2.1 – Introduction to EBSD principles [176]: (a) The cones generated by electrons from a plane
satisfying the Bragg equation. The cones are projected onto a phosphor screen. (b) Example of Kikuchi
bands that are typically obtained and identification of diffracted planes. (c) Representation the IPFz
color mapping representing domain orientations.

dislocation density. The component calculates the average misorientation between every

pixel and its surrounding pixels, and assigns the mean value to that pixel. As a result, the local

plastic strain related to deformation gradients can be qualitatively assessed.

2.3.3 Equipment

The characterization of the "as-received" materials from the suppliers and the irradiated

samples from the HiRadMat-27 and HiRadMat-42 experiments were performed with the

following equipment:

• SEM, field emission gun FEG Sigma (ZEISS) with InLens SE (Secondary Electron), Evan-

Thornley (SE2), and AsB (Angle selective Backscattered) detectors for imaging;

• 50 mm2 X Max EDXS (Energy-Dispersive X-ray Spectroscopy) detector (Oxford), INCA

software;

• Digital microscope KEYENCE VHX 1000.

2.3.4 EBSD parameters

For the HiRadMat-27 experiment, the EBSD parameters used during the analysis are invento-

ried in table 2.3.

2.4 Measurement of residual stresses with XRD

2.4.1 Goal of the method

XRD is a versatile, non-destructive analytic technique for the determination of the various

crystallographic states. The method allows for the identification and the quantitative deter-
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System Description

SEM system ZEISS sigma
SEM column type Field Emission Gun, "Gemini" model
EBSD detector Nordlys II S
Acquisition software HKL CHANNEL5 Flamenco 5.0 Software

Acquisition parameters

Accelerating voltage 20 kV
Beam aperture 120 micrometers w / high intensity mode
WD (Working Distance) 16 mm
Sample tilt 70◦

Mapping step size
0.1 to 1 micrometers
(depending on desired resolution)

Post-processing parameters

Grain orientation mapping
Grain boundary
degree setting

10◦ orientation difference → thin black line
15◦ orientation difference → thick black line

Orientation Z direction (normal to the mapping)
Misorientation mapping
Grain misorientation
degrees

0◦ blue → 5◦ red

Table 2.3 – EBSD acquisition parameters and testing conditions.
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mination of various crystalline forms, known as "phases", the identification of compounds

present in powdered and solid samples and the determination of macroscopic residual stress

in a sample [179]. XRD methods of residual stress measurement have been widely used for

years in automotive, aerospace and industrial applications. Furthermore, XRD methods are

not significantly influenced by material properties such as hardness, degree of cold work, or

preferred orientation [175, 180]. The depth resolution is of the order of microns and spatial

resolution on the order of millimeters. Therefore, a wide range of samples can be used with

XRD. All these features make XRD an adequate method to measure the degree of plasticity

between samples in the HiRadMat experiments. A brief description of the method is given

here. More details can be found in refs. [175, 179, 180].

2.4.2 Introduction to the method

XRD method does not measure the stress directly, but the strain due to the stress. A typical

crystallographic sample consists of a large amount of small grains randomly oriented in space

in the sample (see figure 2.2a).

(a) (b)

Figure 2.2 – (a) Planar stress at a free surface [180], (b) linear ∆d/d0 vs sin2ψ behavior.

The spacing between a set of lattice planes will be equal regardless of orientation relative to

the sample surface in a stress-free specimen. However, under residual stress, the spacing

will be expanded or compressed elastically by an amount dependent upon orientation due

to the stress present in the specimen [180]. Therefore, the state of stress can be determined

by measuring the lattice spacing at different orientations. XRD uses the Bragg’s law (see

equation 2.1) to determine this spacing. For a crystal lattice consisting of planes of atoms

identified by their Miller indices (hkl), the strain vector εφψ is defined in the direction of the

normal to the planes (hkl) - whose interplanar spacing dφψ will be measured - and is defined

by φ, the direction of the stress σφ. By Hooke’s law, there exists a relation between εφψ and

the stress σφ which has to be determined. The stress is determined by recording the angular
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shift of a given Bragg reflection as a function of sample tilt (ψ). The measured strain can be

expressed in terms of crystal lattice spacing by equation 2.2:

εφψ = ∆d

d0
= dφψ−d0

d0
(2.2)

where dφψ is the lattice spacing measured in the direction φ and ψ and d0 is the stress-free

lattice spacing. dφψ acts as a "strain gauge". If σφ is a tensile stress, the spacing of planes

tilted into the direction of the tensile stress will be expanded. On the other hand, it can be

intuitively expected that the spacing between lattice planes parallel to the surface will be

reduced by a Poisson’s ratio contraction. After some developments [175, 180], the measured

strain vector εφψ can be linked to the stress σφ and the two maximal principal stresses σ11

and σ22 using the Hooke’s equation of stress with the material properties E and ν:

dφψ−d0

d0
= 1+ν

E
σφ sin2ψ− ν

E
(σ11 +σ22) (2.3)

The equation 2.3 is the common X-ray residual stress equation. It predicts a linear behavior

of dφψ vs. sin2ψ [175]. The figure 2.2b depicts how experimental data are used to obtain the

least squares line. Looking at relation 2.3, the stress in σφ direction is derived as the slope of

the least-squares line assuming that the material constants E and ν are known. The stress-free

lattice spacing d0 is measured at ψ= 0. The two principal stresses σ11 and σ22 can be derived

from the common X-ray residual stress equation and the following relation 2.4:

σφ =σ11 cos2φ+σ22 sin2φ (2.4)

A biaxial stress analysis in the sample can be performed via the "sin2ψ" method and the

evolution of the principal stresses σ11 and σ22 evaluated in the samples of the HiRadMat-27

experiment as a monitoring of the change in residual stress evolution after each irradiation.

Together with the principal stresses, the principal associated strains ε11 and ε22 can be a

measure of the change of plasticity inside the samples.

2.4.3 Equipment, experimental conditions and parameters

Measurement of residual stresses with XRD were performed at CERN for the HiRadMat-27

and HiRadMat-42 experiments. A Siemens D5000 diffractometer device with a Kristalloflex
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760 as X-ray generator using Cu (Kα1 = 1.54060 Å) was used for the analyses. The acquisition

parameters and testing conditions are summarized in table 2.4.

Device Siemens D5000 diffractometer

X-ray source
Kristalloflex 760 X-ray Generator
Source: Cu (Kα1 = 1.54060 Å)

Configuration θ−2θ coupled scan
Stress determination
technique

sin2ψ [180]

2θ range

Ir: 125◦−130◦

Mo-TZM: 129◦−135◦

W-W-La: 129◦−133◦

Ta: 136◦−141◦

Step size 0.02◦

Time per step
Adjusted to obtain sufficient peak intensity
(normally 12 s)

Number of scans
27
φ values: 0◦−45◦−90◦

ψ values: 0◦−±10◦−±20◦−±30◦−±40◦

Primary optics Divergence slit: 1◦

Secondary optics
Monochromator: Ni filter
Anti-scattering slit: 1◦

Reception slit: 0.6 mm
Post-processing
parameters

Microstructure model: Isotropic
Stress model: Plane stress

Software MAUD

Table 2.4 – XRD acquisition parameters and testing conditions.

2.5 Indentation microhardness measurements

2.5.1 Scope of the tests

In the HiRadMat-27 experiment, the incident proton beams impacted the rods in such a way

that they led to a gradient of temperatures and stresses in an order of magnitude of several

thousands of Kelvin and megapascal between the center axis of the rod and the rim (see

section 3.1.3).

The target material was exposed to different conditions from the center axis to the rim. Data

which were recorded online during the experiment, the observation of the microstructure and

the cracks have confirmed the exposition to extreme conditions of these targets. Assuming

that these conditions have altered the structural integrity of the components, some physical

changes in the microstructure (plastic deformation, etc.) may be expected. If these alterations

took place, it is expected that the induced damage manifests as a change in mechanical prop-
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erties. For the HiRadMat-27 targets, this should result in a gradient of change in mechanical

properties.

One way to evidence the changes in mechanical properties is by performing indentation

microhardness measurements. For this reason, several measurements at different locations

from the center of the axis to the rim of the rod were performed in order to evaluate if a gradient

of change in mechanical properties took place. The results obtained with microhardness

measurements of post-irradiated materials will be compared with control specimens in order

to identify whether changes took place after the experiment.

As introduced in section 1.5, hardness measurements were planned in order to probe and

to obtain the characteristics of the rod before and after the HiRadMat-27 and HiRadMat-42

experiments. Hardness measurements were done with the use of (i) a microindenter and (ii) a

nanoindenter.

2.5.2 Microindentation measurements with a microindenter

Microhardness measurements were performed according to ASTM E384 [181] in order to

obtain the HV (Vickers Pyramid Number) of materials. Firstly, four measurements were

conducted on the calibration block resulting in a hardness of 558HV0.1 on average (calibrated

hardness 551HV0.1). The test specifications were as follows: Indenter Vickers / Dwell 10s /

Load 500g. The HV is determined using the following formula:

HV = F

Ap
≈ 1.8544

F

d 2 (2.5)

where F is the applied load measured in kilogram-force (kgf), Ap the projected contact area

(in mm2), and d the average length of the diagonal left by the indenter (in mm). Therefore, the

corresponding units of HV are then kgf/mm2. The applied load is usually specified when HV

is cited. For a given Vickers hardness, for example 330HV5, 330 is the hardness number, HV

gives the hardness scale (Vickers) and 5 indicates the load used in kgf. To convert the Vickers

hardness number to GPa (SI units), the obtained Vickers hardness in kgf/mm2 has to be

multiplied with the standard gravity (9.806 65) to obtain MPa/mm2 and then divided by 1000.

2.5.3 Microindentation measurements with a nanoindenter

Microhardness measurements with a microindenter and a nanoindenter present some differ-

ences. The norm ISO 14577 [182] defines the ranges of hardness testing as follow:

• Microtesting: applied force ≤ 2 N, indentation depth ≥ 0.2 µm;

• Nanotesting: indentation depth ≤ 0.2 µm.
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The main difference between the two techniques concerns the comparison between the

indentation surface and the size of the heterogeneities or defects in the material. The local

properties measured with indentation are connected with the size of the area of contact left by

the indentation. The plastic and elastic zone affected by one indentation is conventionally

assumed to be twenty times the indentation depth [183]. Therefore, the affected zone has to

be linked to the homogenized properties that shall be measured under the contact surface,

which are very different at the microscale or at the nanoscale. Nanoindentation allows for a

very localized hardness testing, while microindentation gives an average hardness over a larger

area. For example, hardness measurement within a grain is possible with nanoindentation,

while microhardness gives an average value of the bulk material volume.

For the analysis of the Ir core extracted from the AD-target, microhardness measurement by

nanoindentation was of high relevance for this project due to the size of the sample to be

probed. Indeed, microhardness measurement with a microindenter of the irradiated iridium

were not possible due to the high risk of particle/fragment detachment during measurements

and the contamination risks associated with the release of fragments (see section 5.10).

In addition, indentation microhardness measurements via instrumented nanoindentation

allow for the evaluation of elastic and plastic properties of materials such as hardness and

Young’s modulus with the depth-sensing indentation instruments. The method used is the

default Oliver-Pharr, which is the default evaluation algorithm implemented by most of the

instrumented nanoindenters. The model assumes a sink-in behavior of tested material. It

relies on the projected contact area Ap of known indenter geometries, which is determined

from the indentation load-displacement data [184, 185]. The method is presented here as this

model was used to determine the cited properties of the material. A more detailed description

can be found in refs. [184–186].

Figure 2.3 shows a schematic indentation load-displacement curve. Diamond indenter tips of

Vickers geometry are commonly used in microindentation, while Berkovich is the most com-

monly used geometry in nanoindentation. The measured quantities are the maximum load

(Fmax ), the maximum displacement (hmax ), and the elastic unloading (or contact) stiffness

S = (dF /dh)max .

The contact depth hc (i.e. the depth of the contact of the indenter with the test piece at the

maximum applied force Fmax ), is given by the relation:

hc = hmax −εFmax

S
(2.6)

There are several ways to obtain the hardness and the Young’s modulus of the tested materials

with the power law method developed by Oliver & Pharr in ref. [185]. One can make a fit by a

least squares fitting procedure as function of the indenter geometry to determine the power
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Figure 2.3 – Typical indentation load-displacement curve [186].

law exponent m from which ε is derived [186] (ε is given as an indenter geometry dependent

constant equal to 0.75 for Berkovich and Vickers indenter tips), or find the projected area Ap

from the indenter area function (F (h)) [184]. The projected area is calibrated according to the

standard procedure in order to take into account the deviations from ideal geometry of the tip:

Ap =C0hc
2 +C1hc +C2hc

1/2 +C3hc
1/4 + . . .+C8hc

1/128 (2.7)

where C0 . . .C8 are constants determined by fitting procedures.

The indentation testing hardness HI T is determined from the maximum load, Fmax , divided

by the projected contact area Ap at the contact depth hc :

HI T = Fmax

Ap (hc )
(2.8)

The developed contact area Ac can be calculated from the projected contact area Ap and the

indenter geometry by the relation:

Ac =
Ap

sinα
(2.9)
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where α is the angle between the axis of the diamond pyramid and its faces (α= 65.27◦ for

a modified Berkovich, and α = 68◦ for Vickers indenter respectively). From the developed

contact area Ac , the HV is defined as:

HV = Fmax

9.81 · Ac (hc )
= 0.0926HI T (2.10)

The reduced elastic modulus Er of the indentation contact (taking into account elastic dis-

placements taking place in both the specimen and the indenter) is given by the relation:

Er = S
p
π

2β
√

Ap (hc )
(2.11)

where β is the indenter geometry dependent constant (β= 1.034 for Berkovich indenter tip

geometry and β= 1.012 for Vickers indenter tip geometry). The elastic modulus E I T of the

tested material is then obtained from:

1

Er
= 1−νs

2

E I T
+ 1−νi

2

Ei
(2.12)

where νs is the Poisson’s ratio of the tested material (usually given); Ei and νi are the Young’s

modulus and the Poisson’s ratio of the indenter, respectively.

During CSM (Continuous Stiffness Measurement), a small oscillation force is added to the

quasistatic force (see figure 2.4). If a force oscillation (characterized by its half amplitude fo)

is applied on the sample at a specific frequency ω, the resulting displacement oscillation

(characterized by its half amplitude ho) will lag with a specific phase angle φi between the two

oscillations [186].

For viscoelastic samples, a linear kinematic model with instrument parameters Ki , m and Di

(determined by dynamic calibration preliminary to the test) coupled with the sample is used

(see figure 2.5). The assumption is that the oscillations are small enough so that the sample

deformation stays in the linear viscoelasticity regime. By measuring the displacement ampli-

tude, and the phase angle between the two oscillations, it is possible to calculate dynamically

the contact stiffness S, and the sample damping D given by the equations 2.13 and 2.13.

S = fo

ho
cosφi −

(
Ki −mω2) (2.13)
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D = 1

ω

fo

ho
sinφi −Di (2.14)

(a) (b)

Figure 2.4 – (a) Load typically applied in CSM, (b) zoom-in on an oscillation with force and displace-
ment [186].

Figure 2.5 – Dynamic model typically used for CSM calculation.

2.5.4 Equipment

Microindentation tests for the HiRadMat-27 experiment were performed at CERN and at

Framatome GmbH, Erlangen (Germany) [172] for the characterization of the iridium. Nanoin-

dentation tests for the HiRadMat-27 and HiRadMat-42 experiments were performed at PSI

(Paul Scherrer Institut) in Villigen (Switzerland) [187] and at Framatome GmbH, Erlangen

(Germany) too. The following equipment was used:

• Hardness tester (Vickers indenter) for microindentation testing;

• MTS Nanoindenter G200 at PSI in Villigen (Switzerland) for nanoindentation testing;
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• Zwick Roell / ZHN Universal Nanomechanical Testing System at Framatome GmbH,

Erlangen (Germany).

2.5.5 Considerations about samples preparation

Microhardness measurements via instrumented nanoindentation depend on a number of

factors such as the depth of the indentation, the nature of the specimen material, and the

nature of the polishing process [188]. For the tests, sufficiently thick slices had to be cut from

the rods (slice thickness ≥ 1 mm at minimum).

Due to the activation of the rods of the HiRadMat-27 and HiRadMat-42 experiments, the tests

had to be performed in a C-class laboratory. Type C laboratory is defined in the "ORaP (Ordon-

nance sur la RadioProtection)" delivered by the Swiss regulation in radiation protection [189].

In a type C laboratory, the maximum activity that can be manipulated cannot be larger than,

for each radioisotope, 100 times the authorized limit ("LA (Limite d’Autorisation)" in french).

That is the reason why the indentation microhardness tests took place in the "Hot Laboratory"

at the PSI.

Nanoindentation tests are more sensitive to the sample surface preparation than microin-

dentation tests. This is due to the scale of the tests and to the fact that surface preparation

may produce a thin layer of few microns of work hardening. Indentations realized with an

nanoindenter are of the order of magnitude of several hundreds of nanometers with forces of

few tens of mN, typically. For example, tests on iridium at 50 mN resulted in indentation depth

of ∼ 500 nm and an indentation print below 10 µm (see section 3.11). At the other extreme,

indentations performed with a microindenter are much larger. Forces are typically of the order

of magnitude of few newtons with indentation print of several tens of µm and penetrating

deeper into the material, and thus, being less sensitive to the surface preparation. Therefore,

special attention is required during sample preparation in order to avoid the formation of a too

thick work hardening layer. The samples were prepared to be tested under nanoindentation

and thus, they would automatically be ready to be tested under microindentation.

In order to execute state-of-the-art nanoindentation tests, the surface of the sample had

to be mirror polished. This means that scratches due to the preparation should be less

than ∼ 10 nm. After several trials, the preparation procedure resulted as the one summarized

in the section 2.6. The final colloidal polishing is performed with subunits of colloidal silica

particles which are typically in the range of 1 to 5 nm (2.5 nm on average). Thus, given that the

plastic and elastic zone affected by one indentation is conventionally assumed to be twenty

times the indentation depth, we can reasonably assume that the affected zone with this kind

of preparation is in the range of ∼ 50 nm. Therefore, nanoindentation test results obtained

with a sufficiently high penetration depth, typically 2000 nm, should not be affected by the

preparation procedure.
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2.6 Preparation of the samples

The preparation (cutting and polishing) of unirradiated and irradiated materials for the

HiRadMat-27 and HiRadMat-42 experiments was performed entirely at CERN (see sections 3.8,

3.7, 4.4, appendix I and refs. [169–171]). For the AD-target analyses, the preparation of the

unirradiated iridium samples was performed at CERN and at Framatome GmbH, Erlangen

(Germany) [172].

For Ta, W, W-La, TZM and Mo, cross section samples were cut with an automatic saw from

spare rods, hot mounted in phenolic resin and polished as follows (see tables 2.5, 2.6 and 2.7):

Step Abrasive Load (N) Time (min)
1 600 grit (SiC paper) 10 until flat
2 1200 grit (SiC paper) 10 5

3
Chemical etching with HNO3-HCl-HF (30 ml - 20 ml - 10 ml).
Submerging specimen for 1.5 min.

4 2400 grit (SiC paper) 10 10

5
Chemical etching with HNO3-HCl-HF (30 ml - 20 ml - 10 ml).
Submerging specimen for 1.5 min.

6 Colloidal silica + 5% H2O2 10 15

Table 2.5 – Preparation procedure (polishing) for tantalum samples.

Step Abrasive Load (N) Time (min)
1 600 grit (SiC paper) 30 until flat
2 1200 grit (SiC paper) 30 10
3 2400 grit (SiC paper) 30 10
4 3 µm diamond suspension 30 15
5 Colloidal silica 20 60

Table 2.6 – Preparation procedure (polishing) for W and W-La samples.

Step Abrasive Load (N) Time (min)
1 600 grit (SiC paper) 20 until flat
2 1200 grit (SiC paper) 20 5
3 2400 grit (SiC paper) 20 5
4 3 µm diamond suspension 20 10
5 Colloidal silica 20 40

Table 2.7 – Preparation procedure (polishing) for Mo and TZM samples.

For iridium, some difficulties were encountered to reveal the microstructure of this metal.

As introduced in section 1.4.1, this is mainly because iridium is a very inert material and

considered as the most corrosion-resistant metal [190–193]. Therefore, all attempts to reveal

the microstructure of iridium by conventional mechanical polishing followed by chemical and

electrolytic etching (aqua regia, (NH4)2CO3 saturated solution, hydrochloric acid solutions,
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etc.) were unsuccessful. Neither microstructure observation by LOM nor EBSD was possible

on the obtained etched surfaces. After many efforts and trials to overcome this difficulty, two

solutions were found. The first was the use of FIB (Focused Ion Beam) to locally mill a small

region of the sample, the second was the use of an electrolytic etching technique. Due to the

activation of the samples after the HiRadMat-27 experiment (see 3.5.1), some precautions

had to be taken and validated by the CERN’s HSE-RP (Health & Safety and Environmental

Protection Radioprotection Group) in order to prevent contamination of the equipment.

The FIB was widely used to reveal the microstructure of the iridium. This was of high im-

portance to verify if recrystallization took place during the experiment. In order to properly

observe one specific region of the sample (for example the center of one cross section), the

sample needed to be tilted by almost 90◦. The FIB could be performed only from an edge of

the sample. Therefore, it has been necessary to implement a new procedure to observe the

center part of the obtained samples. The cross section of the samples were first prepared with

the normal procedure as described above. Then, the samples were removed from the resin

without damaging the cross sectional plane and the latter was protected with a heat resistant

tape (Kapton® [194] or similar). The protected samples were rotated by 90◦ with respect to

the cross sectional plane and hot mounted again in a phenolic resin to prepare a longitudinal

plane passing by the middle of the sample. The samples were then ground (grit papers P80)

to half of their radius and the obtained new longitudinal planes were polished as described

above. Three areas (center region, intermediate region and rim region) per specimen were

obtained by FIB polishing (Gallium source, no deposition barrier, accelerating voltage 30 kV,

current: 7 nA, milling gauge volume: 50×5 µm to a nominal depth of 50 µm). Thus, the FIB

polishing was parallel to the cross sectional plane. The iridium sample preparation protocol

by FIB milling explained above is summarized in a schema in appendix C together with an

example of obtained areas in sample #8 from irradiated iridium rod #11Ir2 of the HiRadMat-27

experiment.

A second method to reveal the microstructure of iridium was developed in collaboration

Framatome GmbH, Erlangen (Germany) [172] in the framework of the opening and analysis of

one spent AD-target (see chapter 5). It consisted in an electrolytic etching process described in

ref. [195] and adapted according to our needs (see table 2.8). The first part of the preparation

(up to step 5) follows a standard sample procedure as described above (see preparation for

Mo-based samples summarized in table 2.7 for example). An additional final step consisting

of an electropolishing with 75 ml H2O and 25 ml H2SO4 (conc. 95%) first at 3 V during 3 min.

followed by 2 min. at 5 V concludes the procedure.

Microhardness and EDXS analyses were performed on cross sections once polished. Micro-

scopic evaluations were carried out on cross sections once polished and etched. The results of

the microhardness measurements are presented in section 3.11.1, while EDXS analyses and

microscopic evaluations are exposed in section 3.8.3.
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Step Abrasive Load (N) Time (min)
1 600 grit (SiC paper) 20 until flat
2 1200 grit (SiC paper) 20 5
3 2400 grit (SiC paper) 20 5
4 3 µm diamond suspension 20 10
5 Colloidal silica 20 20

6
Electropolishing with 75 ml H2O + 25 ml H2SO4 (conc. 95%),
3 V / 3 min. + 5V / 2 min. and Platinum counter electrode

Table 2.8 – Preparation procedure (polishing and etching) for iridium samples.
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3 The HiRadMat-27 experiment

3.1 Experiment details

3.1.1 Goals of the HiRadMat-27 experiment

The goals of the HiRadMat-27 experiment are summarized below. Ref. [10] provides more

detailed information.

1. The first objective is to crosscheck and validate the numerical hydrocodes used to

simulate the material response in the AD-target core. For this purpose, the online

measurement of reached temperatures, vibration speeds and displacements on the

surface of the rods are directly compared to the simulated data. As a result, a comparison

between online data and simulated prediction allows us for an assessment of the level

of accuracy of the extrapolation of the used strength models.

2. The second objective is to test and compare the material behavior of high-Z candidate

materials for the future AD-target: W-based, Ir, Mo-based, and Ta. The experiment

allows us to gain experimental insights, reduce uncertainties in targets response, identify

the mechanism of failure under irradiation and stress waves, and assess the selection of

target core material. In this respect, some targets were irradiated only at intermediate

intensities in order to study the progressive material damage (see section 3.4.5).

3.1.2 Description of the experiment

With regard to the reduction of uncertainties in target response and the assessment of AD-

target material selection, the HiRadMat-27 experiment has been developed and implemented

at the CERN’s HiRadMat facility. This experiment aimed at impacting 440 GeV/c protons onto

thin rods (of 8 mm diameter and 140 mm length) of high-Z materials such as Ir, W, Ta and Mo

among others, with the aim of reaching equivalent conditions of temperature and stresses to

those found in the AD-target, despite the different primary beam energy and beam size. The
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induced proton beam stress induced wave phenomena generated by the proton impact on

the materials could be studied. The experiment successfully took place in November 2015.

The design of the experiment, the calculation of reached pressures and temperatures, and the

execution of the experiment were performed earlier than this PhD work and are described in

details in refs. [2, 10, 34, 47–49]. The core of this PhD work starts more intensively with the

PIE activities, i.e. from section 3.5. However, the design of the target, the conditions of the

experiment are briefly recalled hereafter as prerequisites for the PIE.

Figure 3.1 depicts the HiRadMat-27 experiment in the HiRadMat facility with a detail on the

instrumentation, the vacuum tank, and a photo of the 13 rods.

The study of the interaction of the beam with matter in the targets of HiRadMat-27 experiment

indicated the main effect of thermally induced stress waves in material as the primary fail-

ure mode [10, 38, 49]. The radial compressive-to-tensile wave as introduced in section 1.2.2

and expanded in section 3.1.3 was assumed to be the main damaging phenomenon in the

HiRadMat-27 experiment. Common radiation damage expressed in terms of dpa (as intro-

duced in section 1.3.3) was considered insignificant in this experiment. Indeed, FLUKA Monte

Carlo calculation [55] resulted in dpa lower than ≤ 1.2 ·10−6. The calculated dpa is considered

negligible in comparison with the accumulated dpa over the lifetime of the AD-target (see

chapter 5).

3.1.3 Recreation of same conditions as in the AD-target

Beam parameters for AD-target

The AD-target is impacted onto its iridium core (∅3 mm per 55 mm length) by a proton beam

of 26 GeV/c coming from the PS. The PS uses a proton beam formed by a succession of several

pulses with a beam dimension of 1 × 0.5 mm at 1σ. A pulse is composed of 4 proton bunches

with a bunch length of 30 ns and each bunch spaced by 105 ns. Each pulse has an intensity of

1.5 ·1013 ppp [9], leading to a total energy deposition in the target core of approximately 1.34 kJ.

Given that this energy is deposited in ∼ 120 ns, this represents a total power of 11.17 GW for

the target and a mean power density of 2.87 ·104 TW/m3 taking into account the dimension of

the target core [35].

Beam parameters in the HiRadMat facility

The HiRadMat facility [2] is located at one of the SPS extraction points. It operates with proton

beams having a kinetic energy of 440 GeV/c, which is ∼ 17 higher than the energy of the PS.

Not only do differences in the kinetic energy exist, but also in parameters such as beam

size, number of bunches and pulse length. Fortunately, the SPS can provide a beam to the

HiRadMat facility with flexibility regarding these parameters (but not in the energy, which is

fixed).
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As mentioned in sections 1.2 and 1.3, when a proton pulse hits the target, a compressive-to-

tensile pressure radial wave is produced in its core. It was shown that the pressure waves in the

center and periphery of the rod are in phase [10, 35]. This is the consequence of a simultaneous

deposition of energy in the center and in the periphery of the target, although this energy

deposition differs from one place to another. This results in simultaneous expansion and

shrinking of the whole rod section at the radial mode eigenfrequency. In other words, this can

be interpreted as the fact that the pressure waves are not created at the center of the rod and

traveling in the direction of periphery - in this case we would observe a phase shift between

the waves - but there exist infinitesimal pressure waves with infinitesimal departing locations

along the target’s radius. However, the waves’ amplitude is amplified as they travel in the

direction of the center of the target and is reduced toward the periphery. This reduction takes

place with r 2, with r the radius of the target.

In order to recreate the same conditions in HiRadMat-27 experiment as in the AD-target,

it was necessary to adjust the impacted intensity, beam size, pulse length as well as the

target geometry. The latter have a considerable influence on the production of thermally

induced stress waves as well, since waves can be in constructive interference with the natural

frequency of the target rod. Hydrocode simulations showed that the pressure inside the

material rises during the time of a bunch irradiation, followed by an abrupt decrease of

pressure occurring immediately at the end of the impacting bunch. In other words, an increase

of tensile stress takes place. This "end-of-bunch" decrease of pressure was attributed to an

inertia effect following the sudden expansion of the material. If this end-of-bunch decrease

of pressure happens when the material experiences tensile stresses already, a constructive

interference will occur consolidating the amplitude of tension of the radial wave in the first

periods. More details can be found in refs. [10, 35]. Beam parameters were adjusted to avoid

such interference.

The objective of this adjusting process was to reach a similar profile of deposited energy density

and hence achieving an analogous peak of temperature as in the AD-target. An equivalent

compressive-to-tensile pressure radial response similar to the one present in the AD-target

had to be recreated in the HiRadMat-27 targets. The shape and the timing of the deposited

energy, including the end-of-pulse constructive interference described in ref. [35], had to be

adjusted in consequence.

Considerations between the AD-target and HiRadMat facility

A 3 mm diameter rod as in the real AD-target would not have been practical for several reasons.

First, the fixed momentum of 440 GeV/c of the HiRadMat proton beam required to blow

up the beam to achieve energy depositions similar to the ones of AD-target. The HiRadMat

beam spot had to be enlarged to 1.5×1.5 mm at 1σ (3× larger than for that AD-target) with

a selected intensity of 1.5 ·1012 (a factor 10 in comparison with the AD-target) in order to

reach an equivalent maximum energy density deposition. Then, the rod diameter had to

be increased to achieve an equivalent beam/target radius ratio. In addition, very thin rods
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would have increased even more the mechanical precision requirements and would have been

more sensitive to beam trajectory instabilities. Measurement problems were also encountered:

thinner targets result in velocity on their surface exceeding the instrumentation limitation for

monitoring the waves [47]. A solution to these problems was found with a rod of 8 mm. This

diameter was shown enough to produce an equivalent tensile-to-compressive pressure wave

that could be measured by the instruments. Given the larger diameter for the HiRadMat-27

targets, the pulse length also had to be adjusted to recreate the radial mode of vibration as it

takes place in the AD-target [35]. This could be achieved by selecting a pulse length of 0.9 µs

corresponding to the duration of approximately half of the period of the 8-mm-diameter rod

radial mode [10, 49].

The proton beam coming from the SPS has a significantly different longitudinal profile of

deposited energy than the one coming from the PS. This is due to the fact that the AD-target

receives the beam from the PS which has momentum of 26 GeV/c, while the HiRadMat targets

receive the beam from the SPS at 440 GeV/c. The HiRadMat proton beam required to increase

the diameter of the incident beam (this process is called defocusing) in order to recreate

equivalent conditions as in the AD-target. Since the momentum of the SPS beam is ∼ 17 times

higher than the PS one, the length of the targets had to be adjusted in order to reach an

equivalent maximum deposited energy density [49]. FLUKA Monte-Carlo [55] and ANSYS®

Mechanical [197] FE calculations were performed in order to have an equivalent longitudinal

profile of deposited energy in all the targets [10, 49]. A difference of material density leads

to a different energy deposition along the length of the target. Denser materials needed

shorter length in comparison to lighter materials for the same-deposited energy. Depending

on the material density and nuclear inelastic scattering length, energy deposition calculations

showed that for materials with a density above 19 g·cm−3, the selected length of the targets

had to be fixed to 140 mm. This concerns Ir, W, W-La, and the W cladded with 2 mm Ta. Several

tungsten and iridium rods offered the possibility of studying the influences of the impact

intensity and pot. Due to their lower density, the Ta targets (density 16.6 g·cm−3) had to be

160 mm long. Two targets were tested at different intensities. Finally, the Mo and Mo-based

alloy TZM (both with a density of 10.2 g·cm−3) had to be 240 mm long, 100 mm more than the

Ir and W-based targets. This difference in length can be appreciated as shown in figure 3.12

(see section 3.2).

Results of the hydrocodes

All these considerations were made possible thanks to the use of hydrocode calculations [10,

35]. Comparisons of the temperature reached in the HiRadMat targets versus AD-target core

were realized first assuming tungsten as the material for the core target and not iridium.

The main reason for this choice was due to the initial lack of strength and HiRadMats of

iridium in published works at the time of these studies. Instead, literature was existing for

tungsten [198], assuming a J-C strength model first without a MHPFM of the material as

input for the hydrocode simulations. This allowed for an easier comparison of obtained
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experimental results. Figure 3.2a depicts the estimated temperature reached in the AD-target

in comparison with the one reached in HiRadMat target assuming tungsten for the model

material. As a result of the beam parameter selection and of the geometry of the target, a

similar adiabatic rise of temperature can be reached in the AD-target and HiRadMat targets.

The maximum temperature of ∼ 2000 ◦C is reached in the bulk material and a temperature

difference of ∼ 1800 ◦C is reached from the center to the periphery of the target. Hydrocode

calculations [10], with the real beam parameters during the experiment, indicated that the

core target reached a maximum temperature of 2000 ◦C; being below the material melting

point of 2450 ◦C, it did not melt. This assumes that no cracks are created in the material so that

a good heat extraction takes place. The temperature on the surface reached ∼ 200 ◦C leading

to a temperature difference of ∼ 1800 ◦C between the center and the periphery of the target.

The maximum deposited energy (and therefore the peak temperature) is shifted downstream

by ∼ 40 mm longitudinally in the HiRadMat target in comparison with the AD-target. This is

due to the fact that the incident proton beam of HiRadMat has a higher momentum that the

AD-target one. A higher energetic beam can pass through larger amount of matter with little

interaction before delivering a larger amount of energy [10]. Figure 3.2b shows the simulated

pressure response in the center of the AD-target core in comparison with the one simulated in

the HiRadMat-27 experimental target. This is particularly important as it will be seen in the

section dedicated to the PIE of one spent AD-target, where the target shows damage starting

from the very first part of the target (see chapter 5).

Pressure reached in the targets

Assuming the correct strength models is extremely important. Hydrocode simulations of

the AD-target assuming a perfectly elastic material model predicted waves of ∼ 7 GPa in

compression and of ∼−1 GPa in tension. In other words, this kind of model predicted that

the material was mainly experiencing compression stress. However, assuming a J-C strength

model, it has been shown that a shift of the compressive-to-tensile of the oscillation of the

waves towards tension stresses takes place. With this model, the predictions are that the target

experiences waves of ∼ 4 GPa in compression and of ∼−5 GPa in tension. This difference in

pressure distribution was attributed to the limitation of the deviatoric component in the stress

tensor by the plastic limit of the material [10, 35].

An equivalent radial compressive-to-tensile pressure wave, comparable to the one generated

in the AD-target in terms of intensity, also takes place in the HiRadMat target. According to

the simulations, a pressure of 4.4 GPa is expected in compression and -5.6 GPa in tension.

Note that compression is considered as a positive value and tension as a negative value as

convention in the hydrocodes. The main difference lies in the radial period of the produced

wave. The radial period is expected to be around ∼ 2.3 µs for the HiRadMat target, while this

value is expected to be ∼ 0.8 µs for the AD-target core, respectively. This difference is due to

the larger rod diameter of the HiRadMat target [10, 49].
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3.1. Experiment details

(a)

(b)

Figure 3.2 – (a) Estimated temperature reached in the AD-target (top) is compared with the one reached
in HiRadMat targets. Tungsten material was assumed in the model in both targets. (b) Simulated
pressure response in the center of the AD-target core (left) is compared with the one simulated in the
HiRadMat-27 experimental target (right). Equivalent AD-target tensile pressures are reached in the
latter [10, 49].
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As mentioned in section 1.4.1, no strength model parameters were available in published

works for iridium at the beginning of this work. A dynamic characterization campaign was

then launched with the DYNLab of Turin (Italy) [84] with the purpose to obtain the strength

model parameters for iridium to be used as input in the hydrocode simulations. The cam-

paign led to the development of a J-C strength model applicable to iridium [85]. A range of

temperatures from RT up to 1200 ◦C and strain-rates starting from 10−3 s−1 up to 104 s−1

were investigated. Nevertheless, even if the comparisons of the reached temperature and

pressure in the HiRadMat targets versus AD-target core were realized assuming tungsten as

core material, it was demonstrated that these comparisons can be extrapolated with good

accuracy to every other tested material (iridium, molybdenum, tantalum, etc.) [10]. Thus,

considerations made for tungsten are assumed to be valid for iridium rods.

3.2 Presentation of the HiRadMat-27 tested targets

In the HiRadMat-27 experiment, 13 rods of different materials were irradiated. Table 3.1

presents the list of targets irradiated during the HiRadMat-27 experiment. The impact intensity

and the total impacted pot that took place during the experiment are also presented in this

table. A summary of irradiation sequences and distribution of the 139 pulses during the

experiment are presented in table F.2 in appendix F. A small difference exists between the total

impacted pot in table 3.1 and the pot if the latter is calculated from the sum of the proton

irradiation sequences in table F.2. This is due to the fact that a small difference in intensity

was measured between the different pulses.

As discussed in section 3.1.3, the length of the targets was adjusted in order to recreate the

same conditions as in the AD-target. This difference in length can be appreciated as shown in

figure 3.12.

3.3 Target manufacturing process

Section 1.4 presents the material candidates considered as potential core of a future AD-target.

This section exposes briefly how the targets were manufactured for the needs of the HiRadMat-

27 experiment. Additional information concerning the metallurgical characterization of the

materials can be found in the section 3.8.3.

3.3.1 Iridium rods

Iridium has been the AD-target core material since the late 80’s. Ir was tested in the first

HiRadMat-27 experiment. Three rods of 140 mm long, ∅8 mm were provided by Goodfel-

low [40]. The rods were manufactured starting as casting grain or sponge to produce a drip

melted ingot by EB (Electron Beam) melting. The drip melted ingot was then forged and

swagged into a rod of 8 mm [199]. The temper is "as drawn". They were machined then to the
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3.3. Target manufacturing process

Target
n°

Target
identifier

Target
material

Density
(g · cm−3)

Target
length
(mm)

Impact
intensity

Impacted
POT

#13 W-Ta
W cladded

with 2 mm Ta
- 140 Full 7.22 ·1012

#12 Ir3 Pure Ir 22.3 140
Single
pulse

1.71 ·1012

#11 Ir2 Pure Ir 22.3 140 Medium 1.6 ·1012

#10 Ir1 Pure Ir 22.3 140 Full 7.11 ·1012

#9 W-La
W +

1% La2O3
19.3 140 Full 7 ·1012

#8 W3 Pure W 19.3 140
12 pulses
in a row

2 ·1013

#7 W2 Pure W 19.3 140 Full 1.6 ·1012

#6 W1 Pure W 19.3 140 Full 6.4 ·1012

#5 Ta2 Pure Ta 16.60 160 Medium 4.2 ·1012

#4 Ta1 Pure Ta 16.60 160 Full 7.2 ·1012

#3 TZM2 Ti + Zr + Mo 10.2 240 Medium 4.3 ·1012

#2 TZM1 Ti + Zr + Mo 10.2 240 Full 8.4 ·1012

#1 Mo Pure Mo 10.2 240 Full 7.3 ·1012

Table 3.1 – List of targets irradiated during the HiRadMat-27 experiment, density of materials, length of
the target, impact intensity and total impacted POT [10].

final size. Once ordered, the rods were machined by EDM (Electrical Discharge Machining) in

order to obtain the features discussed in section 3.4.

Figure 3.3 – An iridium target prior to the HiRadMat-27 experiment [10]. One flat surface of the support
and the mirror for the LDV measurements are visible.

3.3.2 Tantalum rods

As mentioned in section 1.4.2, tantalum presents a very high ductility compared with other

considered materials. Hydrocode simulation predicted high level of stress and consequently,

high level of plastic deformation was expected. Tantalum was initially introduced in the

experiment in order to compare possible failure mechanisms between materials with different

properties and ductility, while retaining a relatively high density.
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Chapter 3. The HiRadMat-27 experiment

Two rods of Ta material were tested in the HiRadMat-27 experiment. Plansee [39] has provided

these rods together with spare ones. The rods were produced from melted pre-material

ingots. This corresponds to the "Ta melting quality" of Plansee. The delivery quality was fine

ground and unannealed. The rods were then machined by EDM in order to obtain the features

explained in section 3.4.

Plansee guaranteed the following mechanical properties for the final annealed rods [200]:

≥ 172 MPa for YU , ≥ 103 MPa for Y and ≥ 25% for the elongation at failure. For unannealed

rods, as it was the case in the HiRadMat-27 experiment, the YU increases up to 390 - 460

MPa [97].

3.3.3 Molybdenum and TZM rods

Molybdenum and Mo-based alloy such as TZM are of particular interest for target application

at CERN. TZM was selected as core target for the potential BDF target [93] and it is employed

as absorber in the new SPS internal beam dump. The use of lighter materials requires the use

of longer rod in order to compensate the reduction of density (see section 1.2.2). Therefore,

there was some interest in testing molybdenum and TZM as potential material targets for the

aforementioned reasons.

Two TZM targets and one Mo target were tested in the HiRadMat-27 experiment. Plansee [39]

provided the rods for the experiment and additional spare rods. The rods were produced

starting with metal powered, then pressed, sintered and hot forged with final stress relieve

heat treatment after hot working. The rods were then machined by EDM in order to obtain the

features presented in section 3.4.

3.3.4 W and W-La rods

As presented in section 1.4.3, tungsten is widely used as a baseline material for several target

applications. In the HiRadMat-27 experiment, three targets of pure tungsten were tested.

Plansee [39] provided the rods of pure W for the HiRadMat-27 experiment. The rods were

produced starting from metal powder, pressed, sintered and hot forged with stress relieve heat

treatment after hot working. The deliver state was fine ground and annealed. According to

the ASTM E112 norm [201], the grain size was considered to be ≥ 6, which corresponds to an

equivalent calculated "diameter" of 45 µm of average grain size. The rods were then machined

by EDM in order to obtain the features explained in section 3.4. A tungsten target is depicted

in figure 3.5b.

In addition to the three targets of pure tungsten, one additional target was made of tungsten

doped with Lanthanum Oxide (W-La2O3) in the HiRadMat-27 experiment. As described in

section 1.4.3, this material presents improved mechanical properties at high temperature

in comparison to the ones of pure W. Therefore, this material is also considered as a good
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3.3. Target manufacturing process

candidate for the future AD-target. Plansee manufactured the W-La2O3 rod as well, following

the same procedure as for the W rods, except that the rods were delivered unannealed.

3.3.5 W cladded with 2 mm Ta

Together with the test of a "regular geometry" as target to recreate the same conditions as

in the AD-target (see figure 3.5), the HiRadMat-27 experiment was also the occasion to test

a W target with 2 mm Ta cladding. Hydrocode simulations [10, 35] demonstrated that a

high-density cladding around the core of the AD-target could effectively reduce the level of

tensile pressure reached in its core due to an impedance mismatch phenomena. However,

several uncertainties, not taken into account by the simulations such as the quality of the

core-cladding interface and potential detachments due to the plastic deformation induced by

the pressure wave, remain. Placing such target in the HiRadMat-27 experiment was necessary

in order to test the efficiency of this strategy. In addition to the AD-target application, other

experiments, such as the future spallation target of the CERN’s n_TOF facility [137] and the

future high powered BDF target [95] can benefit from the information extracted from the

HiRadMat-27 experiment. Ta cladding in these experiments is used to protect the effective

target from corrosion due to the high-speed water cooling circuit [202]. Figure 3.4 shows the

W-Ta target prior to irradiation in the HiRadMat-27 experiment. The final target was only

partially cladded in order to be compatible with the sample holder [10].

After several attempts in order to realize a Ta cladding around a W rod [10], a successful

cladding was obtained by means of HIPing (Hot Isostatic Pressing) process. The W was

subject to HIPing as well for densification prior to the forging. AT&M (Advanced Technology

& Materials Co.) provided the cladded rods [203]. The figure 3.4 shows the W-Ta target prior

to irradiation in the HiRadMat-27 experiment. The final target was only partially cladded in

order to be compatible with the sample holder [10].

Figure 3.4 – W-Ta target prior to irradiation in the HiRadMat-27 experiment. The final target was only
partially cladded in order to be compatible with the sample holder [10].
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3.4 Target design considerations for the instrumentation during the

experiment

In order to build appropriate targets for the HiRadMat-27 to deliver useful information, ad-

ditional requirements had to be taken into account, such as the actual measurements of

temperature and velocity of the rods’ surface during the experiment. These latter were of

particular importance, since they allow for a crosscheck with the results of the hydrocode

simulations and their validation.

Once the targets were received from the manufactures, they had to follow some steps of ma-

chining in order to accommodate the instrumentation during the experiment. Figure 3.5a

shows an isometric view of the 140 mm long targets indicating the location for the machined

features for optical and thermal instrumentation and the supports. An example of a tungsten

target showing one of the multiple machined mirrors where the LDV (Laser Doppler Vibrome-

ter) was pointed to measure the vibration during the experiment is depicted in figure 3.5b. As

presented in refs. [10, 49], the measurement of velocities was challenging due to the vibration

of the rods after the impact. Thus, because some areas of the rods exhibited velocity up to

40 m/s (at the center of the rod for example), which was higher than the upper limit (24 m/s)

of commercial LDV and the velocity could not be recorded. The principal LDV used in this

experiment for the measurement of velocity was a LDV OptoMET® (0.75 mm/s maximum

resolution for velocity measurement, 24.5 m/s maximum range, 10 MHz acquisition rate,

located inside the tank, pointing at the rod surface). Measurement spots have been care-

fully selected by means of hydrocode simulations. Measurement spots not exceeding 24 m/s

were selected at the upstream part of the rods. In addition, it is important to note that the

machining of the mirror required special attention. Indeed, the measurement of the surface

velocity required a flat surface with very low roughness. This problem has been solved by

using microdiamond powder in the polishing process. A final roughness of Ra=20 nm was

achieved with a peak-to-valley value of 120 nm.

Velocity and displacement recorded by means of LDVs were crosschecked with displacement

recorded by two interferometers pointing at two spots per target (interferometer Attocube

FPS3010, 80 nm maximum resolution, 2 m/s maximum range of measurement, 10 MHz

acquisition rate, located inside the tank, pointed at the rod surface). The latter presented a

velocity limitation of 2 m/s and a solution to reduce the velocity from 40 m/s has been found.

Torregrosa [10] presented how the velocity of the radial wave can be reduced if its component

is projected on a 30◦ inclined plane angle. More precision can be found in the cited references.

Measurement of temperatures were performed by means of a pyrometer (pyrometer IGA

740-LO, 0.02◦C maximum resolution, 300−1400 ◦C maximum range of measurement, 4 MHz

acquisition rate, located inside the tank, pointing at the rod surface) recording the temperature

on the surface of the targets and by two thermocouples (type K, 10 ◦C maximum resolution,

1500 ◦C maximum range of measurement, 80 Hz acquisition rate) inserted in two holes per

target. The figure 3.5a shows the machined and polished surface for the measure executed
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by the pyrometer. What is not visible on this picture is the hole for the insertion of the

thermocouple (it can be seen on picture 3.15). The pyrometer offered several advantages in

comparison with the thermocouple. First, the acquisition rate is much higher, which allows

for a better capture of fast changes in temperature due to high dynamical effect because

of proton beam impact. Then, the maximum resolution is much finer in comparison with

thermocouples. Finally, the measurement of the temperature at distance allows for a better

protection of the instruments against the damage due to the proton beam irradiation.

Finally, the figure 3.5a depicts the presence of three flat surfaces at the end of the upstream

and downstream part of each rod (supports A, B, and C) for the rods of 140 mm length. The flat

surface of the downstream part can be located in region inside the rods for the longer target (see

figure 3.15). The supports allow for the fixation of the targets in a precise and accurate angular

position by means of the V-shape support to the framework of the HiRadMat-27 tank. Thus,

each target could be positioned in an accurate way with respect to the instrumentation (for

example, the machined small surfaces had to be perfectly perpendicular to the interferometer

optical head).

3.4.1 Operational procedure

The HiRadMat-27 targets were impacted by pulses of 8 increasing intensities (from 1011 ppp

up to 1.5 ·1012 ppp, the latter corresponding to the intensity to recreate equivalent AD-target

conditions in terms of temperature and pressure).

3.4.2 Irradiation sequences and intensities

Based on the online measurement responses, the different irradiated materials have been

classified in three different intensity ranges:

• Low intensity pulses: the intensity for the first series of pulses is only ∼ 1 ·1011 ppp on

targets. This is ∼ 15 times lower than the maximum intensity. If the recorded response

produced by two consecutive pulses was almost the same, without any major shift in

the frequency or velocity, this was considered as an indication that the material behaved

elastically [10]. It was assumed that the proton beam did not produce internal changes

in the target. Recorded responses of the targets showed that this was the case for the

"light" targets (Mo-based and Ta targets), while "heavier" targets (such as W-based or Ir

targets) showed indication of production of internal damage inside the targets. However,

the latter were considered very small compared to the other intensities.

• Medium intensity pulses: this corresponds to intensities between ∼ 2 ·1011 ppp and

∼ 1.5 ·1012 ppp. In this range, changes in the response of materials could be observed in

the vibration speed and displacement of the rods, implying that progressive damage

may have taken place in the rods (see figure 3.6).
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Chapter 3. The HiRadMat-27 experiment

(a) Isometric view of Ir, W and W-La targets.

(b) W target and machined features.

Figure 3.5 – (a) Isometric view of the 140 mm long targets indicating the location for the machined
features for optical and thermal instrumentation and the supports. (b) As an example, a tungsten target
showing one of the multiple machined mirrors where the LDV was pointed to measure the vibration
during the experiment [10, 47].
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• High intensity pulses: this range of intensity was dedicated to the two targets, #8W3

and #12Ir3, having been subject to the maximum intensity at the end of the experiment.

A summary of irradiation sequences and distribution of the 139 pulses through the 7 increas-

ing intensities is presented in table F.2. Some targets, such as #3TZM1, #5Ta2, #7W2 and

#10Ir1 were irradiated only up to intermediate intensities in order to allow for the study the

progressive damage that took place during the experiment.

3.4.3 Beam stability and offset

The beam size (horizontally and vertically) and the offsets of the beam were monitored over

the entire experiment thanks to beam position monitors (BTV and BPKG). Different beam

sizes depending on the intensity were reported [10], and were attributed to changes in tuning

of the beam optics for each irradiation. Beam sizes from ∼ 1.2 mm to ∼ 1.8 mm at 1σ were

measured, although the nominal beam size had originally been set to 1.5 mm. This difference

was even more pronounced for the highest intensities. The vertical beam sizes were also

in general 0.2 mm smaller than the horizontal, leading to slightly oval impacting beams.

These observations led the experimenters to think that the beam was more diluted during

the experiment (less focused beam) than the nominal beam size. In order to compensate for

the observed discrepancies, it has been decided to increase the intensity of the last pulses to

1.6 ·1012 −1.7 ·1012 ppp instead of the originally foreseen 1.5 ·1012 ppp to reach the AD-target

conditions depositing a similar peak of energy density. Eventually, a systematic deviation

(offset) of around 0.34 mm in the positive vertical plane was observed, representing 8% of the

radius of the target. Studies have been executed and results are reported in appendix G.

3.4.4 Temperature measurements

Many thermocouples detached from the rods during the experiment. This was due to the high

speeds which were reached [10]. However, at least one thermocouple survived until the end of

the experiment in 8 out of 13 targets. A better acquisition was achieved with the pyrometer,

but not at lower intensities, since the threshold of the pyrometer was 300 ◦C, nor for the short

period after the impact. Oscillations of several hundreds of degrees could be observed within

the 20 µs after the impact (it is recalled that the pulse length was 0.9 µs and the period of

acquisition of the pyrometer 0.25 µs). Measured temperatures at the surface of the rods were

in line with the calculated temperatures in the simulations. Peak values were recorded on the

surface few second after the impact for thermocouples and few ms after for the pyrometer. As

an example, for a corresponding case of W impacted at 1.27·1012 ppp, a maximum temperature

of ∼ 450 ◦C could be measured at the target surface by the thermocouple 5.4 s after the impact.

The peak did not last long due to heat removal through the target support and radiative heat

transfer. The temperature at the surface was ∼ 250 ◦C after 100 s, ∼ 150 ◦C after 200 s, and

∼ 40 ◦C after ∼ 10 min.
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3.4.5 Dynamic response measurement

Vibration speed and displacement of the rod surfaces were recorded mainly by the Op-

toMET® LDV giving a better signal quality than the Polytec® LDV. This was attributed to a

high level of noise due to the mirror path guides [10].

Low intensity pulses

All targets impacted at ∼ 1 ·1011 ppp showed velocity and displacement responses in line

with the expected calculated responses in the simulations. Materials responded in elastic

regime, except for tungsten, which seemed to experience plastic deformation already after the

second pulse. This was attributed to the fact that the speed response was damped already at

the second pulse. Two waves predicted by the performed hydrocode calculations [35] were

obtained: (i) high frequency radial wave, and (ii) longitudinal wave. Experimental results

showed radial waves with a period of 2.22 µs (450 kHz) for Ir, 2.78 µs (360 kHz) for Ta, 1.8 µs

(556 kHz) for Mo-based materials, 2.32 µs (431 kHz) for W-based rods and 3.2 µs (313 kHz)

for W-Ta cladded. The latter has a longer period due to the increase in the rod diameter.

The results were consistent with the expected simulated values. Longitudinal waves were

also measured, and were particularly noticeable for Mo-based rods with a period of ∼ 87 µs

(11.6 kHz).

A third lower frequency wave, corresponding to a bending mode of the entire rod, was also

measured during the experiment. For Mo-based rods, this bending mode have been measured

with a wave period of ∼ 1.64 ms (0.61 kHz), involving large displacements in comparison to the

two other identified modes. This bending mode was the result of the flexural mode of vibration

of the rods, excited by off-axis proton beam impacts and asymmetries in the clamping system

of the targets [10, 204]. A systematic offset in all intensities led to an amplification of the

bending mode and resulted in permanent deformation of the rods (see here below figure 3.13).

The maximum eccentricities of the irradiated targets after the experiment were measured with

a CMM (Coordinate Measuring Machine) [10] are reported in table G.8 (see appendix G). This

third mode was not predicted by the hydrocodes since it would have required long transient

simulations. This bending is of particular importance for the PIE, since it was a limiting aspect

for UT (see section 3.6). The bending was making the C-scan impossible. In addition, it

had some implications on the choice of the targets for the PIE. A large eccentricity had for

consequence that the last pulses during irradiation were not reaching the center of the target

at the medium of the longitudinal axis. Targets that remained more straight in the longitudinal

direction were preferred for the PIE characterization (see section 3.5.2).
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Medium intensity pulses

The velocity measurements at medium (2.15 ·1011 ppp - 5 ·1011 ppp - 7.5 ·1011 ppp) to high

intensity pulses (9.2 ·1011 ppp - 1.27 ·1012 ppp - 1.56 ·1012 ppp) showed a significantly different

response of the rods.

For tungsten and iridium rods, a fast damped and distorted radial wave (change in frequency

and diminution of the amplitude) could be observed from the first pulse at the 2nd irradiation

intensity (2.15·1011 ppp, 7 times lower than the intensity required to reach the conditions in the

AD-target). In comparison with W and Ir targets, Mo-based materials showed a better response

at the same irradiation intensity, but showed already a faster damping at the 3rd irradiated

intensity (∼ 5 ·1011 ppp). The damping and distortion of the radial wave were accentuated

by the increasing irradiation intensity. This response was attributed to the emergence of

internal damage (plastic deformation) and cracking in the materials, leading to changes in

frequency response probably due to the interaction of the generated wave with internal cracks

(see ref. [10] for more details). PIE showed that cracks appeared at the surface of the rods at

medium intensities (see here below section 3.5.2). This was observed in all the materials from

the second irradiation intensity (2.5 ·1011 ppp) except in tantalum. The registered speeds on

tantalum rod surfaces were always clean and harmonic, presented no changes in frequency,

as opposed to other targets. Despite its high bending during the experiment, this result led us

to think that tantalum did not show any sign of cracking during the experiment.

Simulations integrating a MHPFM were performed for Ta, W, and Ir (see ref. [10]), and pre-

dicted remarkably the changes in amplitude and phase shift in comparison with experimental

data for middle to high intensities at which internal failure occurred. The simulations were

conducted assuming a MHPFM for the iridium and tungsten materials. Different values of

Pmi n (being the pressure at which the material would crack) were selected and by iteration,

the MHPFMs were benchmarked. No MHPFMs were used for tantalum since it did not crack,

but a maximum von Mises limit was fixed in order to predict the zone which would plastify.

Figure 3.6 shows the experimental recorded velocities compared to the simulated curves

obtained with hydrocodes for Ta, W and Ir. The application of a MHPFM (except for Ta, which

did not fail) was a key point for the good agreement between recorded and simulated data.

For W, figure 3.6 shows the comparison between recorded surface velocity and simulated data

for #6W1 target impacted at 2.17 ·1011 ppp without considering a MHPFM and considering a

MHPFM with Pmi n benchmarked at -850 MPa. With the use of a MHPFM, we can see that the

numerical calculations can simulate the obtained response well. Strain rates of ∼ 6 ·103 s−1

were reached in the central part of the rod, while strain rates of to ∼ 3 ·103 s−1 were reached in

the surroundings, but were not considered as failed areas in accordance with the model. For Ir,

the strain rate reached a maximum of ∼ 8 ·103 s−1 in the center, ∼ 4 ·103 s−1 in the periphery

and a tensile pressure Pmi n benchmarked at -900 MPa. For Ta, maximum strain rate reached

was 6 ·103 s−1 and maximum tensile pressure was -820 MPa. The pictures of the results of

MHPFMs for Ta, Ir and W can be found in appendix A.
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For the medium intensities impacts, corresponded stresses were calculated by means of

the hydrocodes. Figure 3.7 shows the calculated hoop radial, longitudinal stresses for the

#11Ir2 target, as predicted by the hydrocodes at the 2nd pulse intensity (2.15 ·1011 ppp), at a

longitudinal position z = 50 mm and in the center of the rod, and at the periphery of the rod

(r = 4 mm). Figure 3.8 shows the same calculation results for the #6W1 target for the 2nd pulse

intensity as well.

(a) Tungsten w/o failure model (b) Tungsten with failure model

(c) Iridium with failure model (d) Tantalum

Figure 3.6 – Recorded surface velocity vs simulated data for #6W1 target impacted at 2.17 ·1011 ppp
(a) without considering a failure model and (b) considering a failure model with Pmi n = -850 MPa. (c)
Recorded surface velocity vs simulated data for #10Ir1 target impacted at 2.22 ·1011 ppp considering a
failure model with Pmi n = -900 MPa. (d) Recorded surface velocity vs hydrocode simulations of #4Ta1
target impacted by 2.15 ·1011 ppp [10].

High intensity pulses

The high intensity pulse range corresponds to the direct impact at maximum intensity of

the two targets left previously intact during the entire experiment, i.e. the rods #8W3 and

#12Ir3. For the AD-target, initial runs always consider lower intensity impact first. However, it

was interesting to impact some targets at the nominal intensity of the AD-target in order to
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(a) (b)

Figure 3.7 – For the #11Ir2 target, hoop, radial and longitudinal stresses as predicted by the hydrocodes
at the second intensity pulse (2.15 ·1011 ppp), at a longitudinal position z = 50 mm and (a) in the center
of the rod, and (b) at the periphery of the rod (r = 4 mm). Picture by courtesy of C. Torregrosa.

(a) (b)

Figure 3.8 – For the #6W1 target, hoop, radial and longitudinal stresses as predicted by the hydrocodes
at the second intensity pulse (2.15 ·1011 ppp), at a longitudinal position z = 50 mm and (a) in the center
of the rod, and (b) at the periphery of the rod (r = 4 mm). Picture by courtesy of C. Torregrosa.
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compare the results with the targets for which the impact intensity was gradually increased.

Only a brief summary about rod #12Ir3 will be presented here, since this rod will be extensively

analyzed in (see the PIE of the rod in section 3.9.6).

#12Ir3 target was impacted at the end of the experiment by one pulse of 1.71 · 1012 ppp

intensity (higher than the originally foreseen 1.5 · 1012 ppp) in order to compensate the

observed dilution of the beam (less focused beam, see section 3.4.3). The target fragmented in

a bulb-shape (see figure 3.14 in section 3.5) consistently with longitudinal deposition of energy

in the target (see figure 3.2 in section 3.1.3). LDV measurements of the target surface saturated

when speed reached values above 20 m/s. However, in the first instants after the pulse (in the

first 0.2 ms from the beginning of the signal), three oscillations of initial periods of 0.9 µs were

observed. The periods are less than half of the radial wave period (2.3 µs) possibly indicating

that fast cracking took place when the material was subjected to the tensile component of

the dynamic response. Temperature of surface reached 1500 ◦C according to simulations,

but it was impossible to confirm it by measuring it. Figure 3.9 shows the hoop, radial and

longitudinal stresses in the center of the rod, and at the periphery of the rod (r = 4 mm),

as predicted by the hydrocodes for an intensity of 1.71 ·1012 ppp, at a longitudinal position

z = 50 mm. Figure 3.11 shows the same content as figure 3.9, but for the #6W1 target.

(a) (b)

Figure 3.9 – For the #12Ir3 target, hoop, radial and longitudinal stresses as predicted by the hydrocodes
for an intensity of 1.71 ·1012 ppp, at a longitudinal position z = 50 mm and (a) in the center of the rod,
and (b) at the periphery of the rod (r = 4 mm). Picture by courtesy of C. Torregrosa.

3.4.6 Summary of the irradiation intensities during the HiRadMat-27 experiment

The irradiation intensities, rises in temperature and maximum reached tensile pressures are

summarized in table 3.2.
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Figure 3.10 – For the #12Ir3 target, temperature profile along the radius r of the rod predicted by the
hydrocodes at the intensity pulse of 1.71 ·1012 ppp, at a longitudinal position z = 50 mm.

(a) (b)

Figure 3.11 – For the #6W1 target, hoop, radial and longitudinal stresses as predicted by the hydrocodes
for an intensity of 1.56 ·1012 ppp, at a longitudinal position z = 50 mm and (a) in the center of the rod,
and (b) at the periphery of the rod (r = 4 mm). Picture by courtesy of C. Torregrosa.
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Range Low intensity Medium intensities AD-target conditions
ppp 1 ·1011 2 ·1011 - 5 ·1011 - 7.5 ·1011 1.5 ·1012

Material
Max∆T

(◦C)
Max VM

(MPa)
Max tensile

pressure (MPa)
Max∆T

(◦C)
Max VM

(GPa)
Max tensile

pressure (GPa)
Max∆T

(◦C)
Max tensile

pressure (GPa)

Ir 160 500 250 450 - 870 - 1300
1.2 - 0.8 - 1

(plastic-work)
0.76 - 2 - 4 2200 9

W 130
380

(plastic-work)
200 430 - 800 - 1200

Limited by
plastic work

0.5 - 1 -2.1 2000 5.6

Mo/
TZM

65 120 120 150 - 300 - 500
250 <Limited

by plastic work
0.2 - 0.24 - 0.44 850 1.3

Ta 115 200 240 360 - 700 - 1000
Limited by

plastic work
0.78 - 1.6 - 2.6 1850 4.5

Table 3.2 – Summary of HiRadMat-27 irradiation intensities, temperature rise and maximum reached
tensile pressures [205].

3.5 PIE phase: opening of the tank, first inspections and systematic

photography

3.5.1 Dose rate

After the experiment, three months of radioactive cooling were necessary for the residual dose

to be low enough to open the tank. Figure 3.12 shows the result of the experiment after the

disassembly of the tank of the HiRadMat-27 experiment. All targets were mounted on the

mobile sample holder. The order of the targets in the picture is the same as the order presented

in table 3.3. As introduced in section 3.4.5, the bending of some targets can be observed by

contrast to the targets that remained more straight during the experiment. This is particularly

visible for the tantalum and iridium targets. The massive fragmentation of the #12Ir3 is also

visible. The black spots observed on the targets is a black paint required for the temperature

measurements performed by the pyrometer in order to increase the emissivity.

The targets were dismounted from the sample holder and HD (High Definition) photos were

taken (see section 3.5.2). The targets were then conditioned and registered in TREC, the

tractability platform used at CERN for radioactive equipment. Table 3.3 shows the dose rate

measurements at contact (H∗
c ) and at 10 cm (H∗

10cm) of the HiRadMat-27 targets after the

experiment on two different dates: 07 April 2016 and 28 August 2017. Despite the decrease in

the residual dose rate, it was not enough to consider the material non-activated.

3.5.2 Systematic HD photography

Figure 3.13 presents HD photos of all targets after the HiRadMat-27 experiment. The tar-

gets appear as they were ordered in the tank (see figure 3.12 except for #12Ir3 target). The

#12Ir3 target can be observed in figure 3.14.
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Figure 3.12 – Result of the experiment once the tank of the HiRadMat-27 was opened. All targets are
visible mounted on the mobile sample holder.

Target
H∗

c (µSvh−1)
(07/04/2016)

H∗
10cm (µSvh−1)

(07/04/2016))
H∗

c (µSvh−1)
(28/08/2017)

H∗
10cm (µSvh−1)

(28/08/2017)
TREC Nr.

#13W-Ta 50.0 3.2 6.5 2.0 CR-047814
#12Ir3 30.0 2.5 1.9 0.7 CR-047804
#11Ir2 25.0 1.5 1.5 0.9 CR-047805
#10Ir1 80.0 7.5 3.6 1.1 CR-047807

#9W-La 25.5 1.5 5.3 1.3 CR-047806
#8W3 41.5 2.5 7.0 1.3 CR-047810
#7W2 10.0 0.8 2.4 0.7 CR-047811
#6W1 31.0 1.8 6.4 1.2 CR-047809
#5Ta2 32.0 2.5 4.8 1.4 CR-047813
#4Ta1 37.0 2.3 6.7 1.1 CR-047812

#3TZM2 39.0 3.6 2.9 1.2 CR-047816
#2TZM1 65.0 6.4 4.2 1.4 CR-047815
#1Mo1 58.0 5.0 5.0 2.0 CR-047808

Table 3.3 – Dose rate measurements at contact (H∗
c ) and at 10 cm (H∗

10cm) of the HiRadMat-27 targets
after the experiment at two different dates: 07 April 2016 and 28 August 2017.
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Chapter 3. The HiRadMat-27 experiment

a) #13W-Ta

b) #11Ir2

c) #10Ir1

d) #9W-La

e) #8W3

f) #7W2

g) #6W1

h) #5Ta2

i) #4Ta1

j) #3TZM2

k) #2TZM1

l) #1Mo1

Figure 3.13 – HD photos of all targets after the HiRadMat-27 experiment (except for #12Ir3 target).
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Figure 3.14 – HD photos of #12Ir3 target after the HiRadMat-27 experiment.

#13W-Ta target

The rod #13W-Ta presents visible longitudinal cracks on both surfaces: the cladded Ta surface

and at the extremities of the W surface (see section 3.3.5). Some cracks were noticeable in

the outer tantalum layer as well. At this stage of the PIE, it was not clear whether these cracks

were coming from the center of the target, originating in the bulk tungsten material and then

propagating through the cladding. Only a dissection of the target by cutting the latter in

slicing will offer a proper answer to this question (see section 3.9.5). A larger crack is visible

on the machined flat surface (visible in the center of the rod). This target received a total of

7.22 ·1012 pot and was irradiated up to 1.62 ·1012 ppp [10].

#12Ir3 target

The #12Ir3 iridium was impacted at the end of the experiment at full intensity by a pulse of

1.71 ·1012 ppp (see section 3.1.2). This intensity produced a massive impact on the target

in a "bulb-shape" form and indicating an increase of energy coming from the inside of the

target towards its external surface. The shape is compatible with the energy profile deposited

in the target. This target fractured following a helicoidal shape. This might be related to the

microstructure of the material (see sections 3.8.3 and 6.2).

#11Ir2 and #10Ir1 targets

At intermediate impact intensities also (see tables 3.1 and F.2), both iridium targets presented

longitudinal cracks on their surfaces, but no cracks perpendicular to the longitudinal axis were

visible (as it is the case for W-based targets). However, the rod #10Ir1 presented a distinctive

bending compared to the other #11Ir2 target. The #10Ir1 target showed a bending of 5 mm

at the maximum. With such large level of bending, the beam halo barely impacted the rod

periphery at the position along the longitudinal axis where the deformation was maximum.

during the last pulses. Moreover, the last pulses did not even reach the center of the target

at the medium of the longitudinal axis (see appendix G for more details). This is one of the

reasons why the #11Ir2 target, which remained straight, was preferred to the #10Ir1 target for
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the PIE of the microstructure. Similarly to the #13W-Ta target and W targets, these targets

showed a concentration of the cracks near the machined features such as thermocouple holes.

Based on observations, it seems reasonable to assume that the machined features acted as

stress concentrators (see figure 3.15c).

W and W-La targets

All W (#6W1 with 6.4 ·1012 pot, #7W2 with 1.6 ·1012 pot and #8W3 with 2 ·1013 pot) and W-La

(#9W-La with 7 ·1012 pot) targets present large longitudinal cracks. This is even the case for the

target exposed to the lowest pot, i.e. the #7W2 target. Cracks perpendicular to the longitudinal

axis are also present and mostly around the thermocouple holes, that were also acting as stress

concentrators (see figure 3.15b). More details about the role of the features and their impacts

on the crack formation are discussed in section 6.2.

The #8W3 target has been irradiated with 12 consecutive pulses of ∼ 1.6 ·1012 ppp. Despite

consecutive large of irradiated protons (2 ·1013 pot), the target also showed a large bending of

4.8 mm at the maximum. This means that the last pulses did not reach the center of the target

at the medium of the longitudinal axis. Following the same reasoning for iridium targets, this

makes this target less interesting for the microstructure characterization since its center did

not see maximum irradiation.

#4Ta1 and #5Ta2 targets

Both Ta targets showed large plastic deformation of up to 4.5 mm bending at maximum for the

#4Ta1 target and 3.35 mm for the #5Ta2 target. Despite their large bending, no cracks could be

observed at the surface of both targets. Tantalum was the only material of the HiRadMat-27

experiment that did not present cracks. LOM and SEM were carried out in order to verify if

changes in the material due to extensive yielding happened (see section 3.9.2).

Mo-based targets (pure Mo and TZM)

All Mo based targets (pure Mo and TZM) present longitudinal cracks, even for the lowest

irradiation intensity, i.e. for the #3TZM2 target. Here again, cracks pass preferably near the

thermocouple holes, acting as stress concentrators (see figure 3.15a). All three targets showed

a perceptible bending up to maximum 0.4 mm, 0.37 mm, and 0.45 mm for the #1Mo, #2TZM1,

and #3TZM2 targets, respectively (see figure G.8).
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(a) #3TZM2 rod (zoom). (b) #6W1 rod (zoom). (c) #11Ir2 rod (zoom).

Figure 3.15 – Zoom-in on the rim of #3TZM2, #6W1 and #11Ir2 rods after the HiRadMat-27 experiment.
Cracks appeared on the surface of all rods, except for Ta rods.

3.6 UT inspections of HiRadMat-27 samples

3.6.1 Sample installation

The method, the equipment and the general testing conditions and parameters of UT inspec-

tions of the targets from the HiRadMat-27 experiment are summarized in section 2.2. UT

inspections by immersion of the 13 targets of the HiRadMat-27 experiment were carried out

before and after irradiation. Prior to the irradiation, a 360◦ C-scan was carried out all around

the pieces, spinning the pieces on their own axis with a fixed UT probe as shown in figure 3.16a.

A 360◦ C-scan could only be done for the #3TZM2 and #13W-Ta targets after irradiation as

the other targets were significantly bent once irradiated (see section 3.5). For this reason, the

solution found for the irradiated and bent targets was to scan them on a flat surface as shown

in figure 3.16b, without spinning. Therefore, only the vertical plane perpendicular to the probe

and coplanar to the central axis could be scanned and considered as a valid measurement of

the post-irradiated targets. From this central area, the recorded signal was distorted by the

reflected waves due to the rod curvature and was not valid.

3.6.2 UT of unirradiated samples

All target rods of HiRadMat-27 were systematically inspected prior to the experiment. The

aim of this inspection was to make a cartography of each target in order to check the possible

presence of inclusions, pores or structural modifications. The cartography of the targets

prior to irradiation allowed for a direct comparison with the targets after the experiment. An

example of a C-scan of the amplitude of back wall echo for the W-La target is depicted in

figure 3.17. The location of the different echoes corresponds to the different features of the

target geometry. Another example of a C-Scan for the amplitude of back wall echo of the W bar

can be found in appendix H. No indication of any unexpected echoes for the non-irradiated

targets that could correspond to internal defects was observed. In addition, the different

holes or flat surfaces present in the targets for the temperature probes or interferometer/LDV

mirrors could be clearly identified.
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(a) UT probe and sample. (b) HRMT-27 in basket.

Figure 3.16 – (a) #13W-Ta target on its support spinning on its own axis with fixed UT probe for 360◦ C-
scan, as it was done prior to the experiment. (b) All targets after the experiment in a basket for UT
measurements in vertical position and from a single contact point as it was done after the experiment
due to bending of the targets.

Figure 3.17 – C-scan for the amplitude of back wall echo of the #9W-La target rod (upside).

82



3.6. UT inspections of HiRadMat-27 samples

3.6.3 UT after irradiation

Regarding the tests after irradiation, figures 3.18 and 3.19 show the UT measurements of the

tungsten-based and tantalum targets. Figure 3.18a shows the recorded echo signal of the UT

on the #6W1 target. Three different time windows are defined (red, blue and green). The time

window defined by a blue line (under the second recorded peak) is defined at 5.85 mm from

the first signal crossing the first window and it represents the rod bulk material. Another time

window (green) is defined at 8.25 mm, representing the area where the back wall echo should

be (the other side of the rod diameter). As can be seen in the recorded signal, a peak echo is

present in the middle window (blue), meaning that the probe is detecting an internal surface

in the bulk material that is reflecting the incoming UT wave, hence, a possible crack.

Figure 3.18b shows colored maps of the detected amplitude of back wall echo (green window

in figure 3.18a) for the four tungsten-based targets #6W1, #7W2, #8W3 and #9W-La. The figure

shows a black to dark blue signal in the central area of the rod (the only valid), showing that no

back wall echo took place. This means that the ultrasonic wave did not reaches the back wall of

the rod because the wave is either reflected or damped within the rod. As already anticipated,

the absence of back wall echo suggests the presence of cracks created in the bulk material by

the generated tensile pressure wave during the experiment. The foreseen mechanical cuts

of the rods will be used to confirm this hypothesis as shown in section 3.9 dedicated to PIE.

Even if the figure only shows the tungsten targets, this kind of signals was measured for all the

irradiated targets (Mo, TZM, Ir ...) except the Ta ones. The molybdenum-based targets showed

a response with no back wall echo in the longitudinal center, while back echo was measured

in their longitudinal extremities. This could be explained by the presence of cracks only in the

center of the rod, where conditions were more intense than in the extremities. PIE on these

rods brings more inputs on these first preliminary results.

Figure 3.19a represents the echo signal of the UT inspections measured for the #Ta1 target.

Three different time windows are defined (red, blue and green). The blue represents the

window at the inner rod material while the green represents the back wall echo. In comparison

with the signal depicted in figure 3.18a, it is interesting to observe that no echo is detected

from the bulk material of the rod, meaning that there is no surface reflecting the incoming

UT wave and therefore suggesting the absence of internal damage. This can be seen also in

figure 3.19b, which shows a colored map of the detected amplitude of back wall echo for #4Ta1

and #5Ta2. The color plot shows a red measurement in the central part of the rod, representing

a back wall echo at almost 100% gain. This means that the incoming ultrasonic wave reaches

the back wall of the rod. Therefore, contrary to the other targets, it seems that the central

areas of the Ta targets do not contain cracks detectable by UT. It is important to recall that the

performed UT measurement is valid only for the vertical plane perpendicular to the probe

and coplanar to the rod axis. In addition, a parallel crack to the incoming ultrasound wave

could not be detected (nevertheless, it is very unlikely to have only non-detectable cracks

parallel to the plane of measurement given the axisymmetric nature of the load). The absence

of cracks in tantalum targets will have to be confirmed by the foreseen mechanical cut of the
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(a) Echo signal of #6W1 target.

(b) Echo W rods.

Figure 3.18 – (a) Echo signal of the UT inspection measured on the #6W1 target. (b) Representation of
the back wall echo (green window) for the four based-tungsten targets #6W1, #7W2, #8W3 and #9W-La.
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(a) Echo signal of #4Ta1 target.

(b) Echo Ta rods.

Figure 3.19 – (a) Echo signal of the UT inspection measured on #4Ta1 target. (b) Representation of the
back wall echo for the two tantalum targets #4Ta1 and #5Ta2.
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rods in section 3.9 dedicated to PIE. In any case, UT is a good indication already of the "better

response" of this material (in the sense that rods of this material seem not to present cracks in

their bulk), as suggested as well by the online data recorded during the experiment.

Figure 3.20 shows the UT measurement of the Ta-cladded tungsten target, i.e. the #13W-Ta

rod after irradiation. This figure suggests that a possible detachment of the Ta cladding took

place at the W-Ta interface. It will be shown in section 3.8.3 with the cut of a spare piece that

no detachment was present prior to irradiation. This can be interpreted from the observed

peaks coming from the bulk material of the piece (blue window). These reflected waves had

already been observed in the UT inspections prior to the experiment and are a consequence

of the change in material density in the W-Ta interface. However, in the UT prior to irradiation,

this partially reflected wave was uniform along the target geometry, while the amplitude of

back wall echo shows a "mix response" after the irradiation (compare both C-scans in figure).

This is because some incident waves reach the back wall of the piece and some are reflected

before or damped in the rod, showing possible internal cracks in addition to the detachment

of the W-Ta interface.

Additional pictures can be found in appendix H, where one can see a representation of the

back wall echo for the two iridium #10Ir1 and #11Ir2 targets (first and second amplitude). Both

shows presence of cracks inside, although slightly more pronounced for #11Ir2 target, even

if the total impacted pot on this target was lower than for the #10Ir1 one (7.11 ·1012 pot for

#10Ir1 compared to 1.6 ·1012 pot for #11Ir2, see table 3.1). This result put in evidence the effect

of the target bending as introduced in section 3.5.2. In addition, one can find a representation

of the back wall echo for the Mo and TZM targets. They also all present cracks inside.

3.7 Samples preparation protocol

3.7.1 Unirradiated samples

Five samples were extracted from spare targets for tantalum, molybdenum, tungsten, tungsten-

lanthanum and TZM. The preparation was the same as the one depicted in section 2.6.

For the iridium, the two rods of ∅8 mm were dedicated to the HiRadMat-27 experiment. The

characterization of unirradiated Ir was realized on an additional ∅6 mm shorter sample for

the LOM and microhardness measurements. In addition, FIB imaging of the microstructure

was performed at CERN. Two samples were prepared: one etched for LOM and one following

the FIB protocol explained in section 2.6. Even if the diameters of the rods between the

HiRadMat-27 samples and the rods used for the characterization of the unirradiated materials

were not the same, the microstructure is assumed similar since it was the same supplier for all

rods and the manufacturing process was the same.
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(a) C-scan of #13W-Ta rod (upside) prior to the irradiation.

(b) C-scan of #13W-Ta rod (downside) after the irradiation.

(c) Echo signal of #13W-Ta rod after irradiation.

Figure 3.20 – C-scan for the amplitude of back wall echo of the #13W-Ta target (a) prior to the irradiation
and (b) after the irradiation. (c) Echo signal of the UT test measured on the #13W-Ta target.
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3.7.2 Cross sectional samples from the HiRadMat-27 experiment

In the HiRadMat-27 experiment, the rods were irradiated at different intensities in order to

record significant amount of information at different conditions and regimes (see section 3.2

and table 3.1). However, in the interest of time and for efficiency purposes, only the rods of

each material exposed to their maximum intensity were the first to be selected for further

investigations, such as LOM, SEM, EBSD and nanoindentation. The decision was motivated by

the idea that if some changes of the microstructure had to be observed (like recrystallization

phenomena or decrease of hardness with nanoindentation), these were more prone to happen

on rods irradiated at higher intensities. If nothing particular had to be observed at higher

intensities, it is reasonable to think that nothing particular has taken place at a lower intensity

either. The following five rods were retained for further investigations: #11Ir2, #4Ta1, #2TZM1,

#6W1 and #13W-Ta. Other rods would have been observed if interesting results had been

obtained.

Since TZM shows better properties than the single Mo rod, and owing to the fact that TZM

had been tested in another irradiation experiments, such as the BLIP (Brookhaven Linac

Isotope Producer) experiment (see chapter O), only one TZM alloy rod was retained for further

investigations.

Three W rods were tested and compared with only one W-La in the HiRadMat-27 experiment.

For similar reasons to the TZM material, only the pure W rod has been selected for the micro-

and nanoindentation test campaign.

Metallurgical analysis at several locations of interest is susceptible to highlight the influence

of the energy deposition along the rods. Since the energy deposition along the rod was

not uniform (see figure 3.21), several locations of interest were defined: three positions of

interest along the longitudinal axis of the rod (z-axis) and three positions of interest on the

cross sectional specimen (r-axis). These locations were chosen based on temperatures and

pressures reached along the z-axis and on the intensity of the beam profile respectively (see

figure 3.21).

On the z-axis, low, intermediate and peak positions were defined. The low position corre-

sponded to the lower temperature and pressure reached in the rod. This position was located

at the beginning of the rod. The intermediate position was at around half way between the

minimum and peak positions, and corresponded roughly to the position where the higher

gradient of temperature and pressure was reached in the rod. This position was located be-

tween the low and peak positions. Finally, the peak position corresponded to the location

where maximum temperature and pressure were reached inside the rod along the z-axis. This

position was located typically in the middle of the rod or slightly upstream.

On the cross sectional area, three positions were defined: center line, intermediate and outer

radius areas, corresponding to the positions where the rod had been irradiated with the highest

88



3.7. Samples preparation protocol

(a) (b)

Figure 3.21 – (a) Sketch of positions of interest along the longitudinal z-axis for the tungsten rod. Three
regions are defined as follows: low, intermediate and peak positions. Note that the beam comes from
the left. (b) Sketch of positions of interest on the cross sectional area. Three positions are defined: the
center line, intermediate and the outer radius positions. Note that the picture of this cross section is a
sketch and not necessary representative of the actual temperature gradient.

energy density and where the beam had deposited less energy. The intermediate position is

located in-between the center of the sample and the outer radius.

Based on these definitions, several cuts were performed for each selected rod at several

distances from the end of the rod according to the different temperatures and pressures of

interest. The location of the cuts depends on the material, on the location of interest and on

the geometry of the samples. Figure 3.22 depicts the representation of the location of the cuts

for the #11Ir2 target based on the reached temperature in the rods during the HiRadMat-27

experiment. For the sake of clarity, this information is summarized in table 3.4, together with

the obtained samples for #4Ta1, #2TZM1, #6W1 and #13W-Ta targets, the location of the cuts

and the estimated reached temperature during the experiment after proton impact at nominal

intensity. This table is a transcription of appendix J, in which figure J.14 depicts the location

of the cuts for the cited rods. Note that the sample numbering does not necessary follow

monotonically the location along the longitudinal z-axis. This is because it was decided to cut

additional samples after the initial proposed cuts.

Figure 3.22 – Representation of the location of the cuts for the #11Ir2 target.

As shown previously in section 3.5, all targets presented severe damage with visible cracks up

to the surface. Cutting the rods in slices for metallurgical investigations could have led to the

rupture of the slice in several pieces if the cracks joined in the center of the rod. Therefore, it
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HiRadMat-27
target #

Sample #
Location

(mm)
Estimated reached
temperature (◦C)

#11Ir2

1 0-3 ≤ 100
2 3-6 ≤ 100
3 6-27 100−1070
4 30-50 1070−1730
5 50-52 ∼ 2100
6 138-140 ∼ 1400
7 118-138 ∼ 1400
8 52-55 ∼ 2100
9 55-58 ∼ 2100

10 27-30 ∼ 1070

#4Ta1

1 0-3 ≤ 100
2 3-6 ≤ 100
3 6-9 ∼ 100
4 9-12 100−200
5 40-43 ∼ 1500
6 43-46 ∼ 1500
7 70-73 ∼ 1800
8 73-76 ∼ 1800

#2TZM1

1 0-2 ≤ 90
2 2-4 ≤ 90
3 4-6 ≤ 90
4 6-8 ≤ 90
5 70-72 ∼ 500
6 72-92 500-680
7 130-132 ∼ 770
8 132-152 ∼ 770
9 128-130 ∼ 770

10 92-94 ∼ 680

#6W1

1 10-12 ∼ 280
2 12-14 280−970
3 14-16 280−970
4 16-18 ≤ 970
5 30-32 ∼ 1600
6 50-52 ∼ 2016
7 52-54 ∼ 2016

#13W-Ta

1 0-2.5 ≤ 90
2 30-32.5 ∼ 1600
3 60-62.5 ∼ 2016
4 62.5-65 ∼ 2016

Table 3.4 – For the HiRadMat-27 target: obtained samples related to the location of the cuts and
estimated temperatures reached during the experiment after proton impact at nominal intensity.
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3.7. Samples preparation protocol

was decided to take some measures to prevent any risk of decohesion of the materials. The

rods were placed in an impregnation mold and impregnated with a transparent epoxy casting

resin with solidification at RT (Axson Technologies, Translux D180 epoxy resin) [206]. The

resin allowed for good hold if some pieces became detached during cutting. Its transparency

allowed for a precise location of the cut according to table 3.4. As an example, figure 3.23 shows

the installation of the #2TZM1 target on the base of the impregnation mold. The different

pieces of the impregnation mold are depicted in the figure: the two half shells with the base

and the screws for fixation. The mold was made out of aluminum and covered with a black

Teflon coating for easy removal of the impregnated targets. A spare target impregnated in

the transparent resin is shown as example of the procedure. The cutting of the samples took

place at CERN with the recently acquired precision saw (see appendix I). The obtained cross

sectional samples were then conditioned and registered in TREC (see section 3.5.1). Finally,

the samples were transported in metallurgy and prepared for metallurgical analysis according

to the procedures presented in section 3.8. As an example, figure 3.24 shows some prepared

samples from the #4Ta1 target ready to be analyzed.

(a) (b) (c)

Figure 3.23 – a) Installation of the #2TZM1 target on the base on the impregnation mold. b) Picture
of the different pieces of the impregnation mold: the two half shells with the base and the screws for
fixation. The mold is made of aluminum and covered with a black Teflon coating. c) Result of one spare
target impregnated in a transparent resin.

3.7.3 Samples from #12Ir3 target

Figure 3.25 shows the #12Ir3 sample after the HiRadMat-27 experiment and the selected part

to be analyzed. The first sample selection was chosen for fractographic studies, the second

for metallographic cross section analysis (EBSD, microhardness measurements). This second

part of the rod was selected due to its relative small size (the smaller the sample, the easier for

manipulation, embedding in the resin, etc.) and for RP (RadioProtection) reason in order to
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Chapter 3. The HiRadMat-27 experiment

Figure 3.24 – Prepared samples from the #4Ta1 target ready to be analyzed.

reduce contamination when preparing the sample. In order to observe and understand the

structure of this iridium sample, sample polishing and electrolytic etching (as described in

section 2.6), EBSD mapping (see section 3.9) and microhardness testing were performed on

this second sample.

3.8 LOM, SEM and EBSD of unirradiated materials

3.8.1 Introduction

This section presents the metallurgical characterization of the different refractory metals as

they were received, i.e. before irradiation in the HiRadMat-27 experiment (see section 2.3

for the experimental procedure). The characterization of unirradiated materials included

materials composition, microscopic (LOM and SEM) observations and EDXS analysis. EBSD

analyses of unirradiated samples are directly compared to the irradiated ones (see section 3.9).

3.8.2 Material composition

The quality of the materials, their state of delivery and their purity are given in table B.1 in

appendix B. The values presented in the table are the maximum level of impurity guaranteed

by the materials providers [39, 40].

3.8.3 Metallurgical characterization

The FIB analysis of the microstructure (see figure 3.26b) revealed that the sample was hetero-

geneous with a grain size of the order of few microns. However, if the microstructure is taken
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Chapter 3. The HiRadMat-27 experiment

as a whole, a general clockwise twist of the entire microstructure can be observed. Figure 3.26a

shows the optical microstructure observation of original iridium material "as received" from

Goodfellow, and prepared and etched according to the protocol described before.

The microstructure in the cross sectional section shows a helical elongation of the grains. In

the center, the microstructure shows a more uniform and equiaxed grain appearance. In the

outside regions, the grains are preferably elongated and finer than in the center. As it is stated

in section 3.3, iridium rods were formed from a forged drip melted ingot and followed by a

swagged process ("as drawn" temper). This imparted movement might be the result of the

rod manufacturing process. As it will be seen here below in section 3.9.6, this original twist

played an important role in the fracture of the HiRadMat-27 #12Ir3 target, since it followed a

helicoidal shape while fracturing.

The rest of the metallography for W, TZM and Mo is presented in appendix D. The metallurgical

structure seems to be homogeneous with fine grain size except for molybdenum, which

presents larger grains on the rim region. For W, the microstructure observation confirmed the

deliver state discussed in section 3.3. As expected (grain size ≥ 6 according to the ASTM E112

normative [201]), the grain structure turned out to be fine and homogeneous.

Original TZM and W-La materials "as received" from Plansee were analyzed with EDXS (WD

10 mm / 20 KeV) in BSE (BackScattered Electron) image mode. For TZM, the analyses revealed

three phases: small Ti rich phases, Zr O rich particles randomly dispersed, and a Mo matrix

(see figure 3.28). According to the literature [207], the presence of this phase is expected for

materials fabricated by powder metallurgy process: a minority of Zr dissolves into the Mo

matrix while the majority forms ZrO2 particles with oxygen in the alloy. Ti particles follow the

same pattern: part of Ti forms MoxTiyOz composite oxide particles with the molybdenum and

the oxygen present in the alloy, while the rest of the particles dissolve into the Mo matrix.

For W-La, one could observe some La rich phases within a W matrix due to the addition of

La2O3 in the tungsten materials (see figure 3.29).

For Ta, W, W-La TZM and Mo, two regions were investigated for each of the materials: 1)

the core, or center of the target, called hereafter "axis beam region" and 2) the edge of the

rod, called below "rim region". Figure 3.27 shows the result of the optical microstructure

observation of original tantalum material "as received" from Plansee. The material presents a

relatively high-distorted structure due to its cold worked delivery state.

For the #13W-Ta target, the bonding between W and Ta were obtained by means of HIPing

process (see section 3.3). The quality of the bonding and the microstructure of the material

were analyzed at CERN [171]. A spare rod of 140 mm long was sliced in six equal pieces which

were studied in several longitudinal and cross sectional directions. Figure 3.30 shows LOM

observations in two different longitudinal cuts and the associated SEM (SE2) images of the

indicated regions. Some fractures are visible in the W on the longitudinal cut (see figure 3.30a)

reaching even the interface vicinity (see figure 3.30a to d). No detachment was observed at
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3.8. LOM, SEM and EBSD of unirradiated materials

(a) (b)

Figure 3.26 – (a) Optical microstructure observation of original iridium material "as received" from
Goodfellow prepared and etched according to the protocol described above (courtesy by Framatome
GmbH [172]). (b) Observation of the original iridium microstructure by FIB [170].

the interface between W and Ta. Despite the good quality of the interface bonding, some

variations in Ta thickness were observed in the longitudinal direction leading in some regions

to a lack of parallelism between external surface and interface (see figure 3.30). In the cross

sectional plane, a relatively constant Ta layer thickness could be observed. The cut located

near the extremity of the rod presented a fine homogeneous microstructure; despite the fact

that the raw material from AT&M presented larger grains than raw material from Plansee.

Longer grains can be observed in some regions as the observations are realized towards the

longitudinal direction. This variation of the grain size of the W along the rod is likely to be a

result of HIPing process.
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Chapter 3. The HiRadMat-27 experiment

(a) Ta original (axis beam region, X100). (b) Ta original (axis beam region, X500).

(c) Ta original (rim region, X100). (d) Ta original (rim region, X500).

Figure 3.27 – Optical microstructure observation of original tantalum material "as received" from
Plansee. Two regions were investigated, the core region called "axis beam" ((a) and (b)), and the rim of
the rod ((c) and (d)), called "rim region" [169].
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3.8. LOM, SEM and EBSD of unirradiated materials

(a) Original TZM (BSE image). (b) EDXS in zone 1.

(c) EDXS in zone 2. (d) EDXS in zone 3.

Figure 3.28 – (a) BSE image of original TZM material "as received" from Plansee with three EDXS
analyses corresponding to three distinctive zones: (b) zone 1 - dark gray phases correspond to Zr rich
phases with O signal, (c) zone 2 - small light gray phases correspond to Mo rich zones with a small
amount of Ti and B, (d) zone 3 - corresponds to Mo rich matrix [169].
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Chapter 3. The HiRadMat-27 experiment

(a) Original La2O3-W (BSE image).

(b) EDXS in zone 1.

(c) EDXS in zone 2.

Figure 3.29 – (a) BSE image of original La2O3-W material "as received" from Plansee with two EDXS
analyses corresponding to two distinctive zones: (b) zone 1 - light gray phases correspond to lanthanum
rich phases, (c) zone 2 - corresponds to tungsten rich matrix [169].

3.9 LOM, SEM, EBSD of HiRadMat-27 samples

3.9.1 #11Ir2 target

For the #11Ir2 target, figure 3.32 shows the obtained SEM images at low temperature (sample 2,

z=3-6 mm), at intermediate temperature (sample 10, z=27-30 mm), and at high temperature

(sample 5, z=50-52 mm). The first picture shows the sample on its front while the two other

pictures show the tilted samples. A partial longitudinal view can be appreciated, as a result

of the sample preparation described in appendix C. The black spot on the samples are glued

resin due to the sample preparation. This was unavoidable even with the tape face protection

after the polishing of the second surface. Finally, the last picture of this figure is a zoom-in on

one crack of the top of the sample 5.

Figure 3.33 shows the LOM for the same samples. The typical helicoidal microstructure

observed previously on the unirradiated samples (see figure 3.26) can be observed here as

well.

For comparison before and after the experiment at different temperatures, figure 3.34 depicts

the EBSD images realized at the center line region of the samples for the reference (unir-

radiated), at low temperature (sample 1, z=0-3 mm), and at high temperature (samples 5,

z=50-52 mm and sample 8, z=52-55 mm). For each picture, the KAM images of the respective

regions are also depicted. Comparing the results along the longitudinal axis does not show

evident changes in the microstructure, despite the maximum reached pressures and tempera-

tures. Similar analyses were performed on the same cross section for the intermediate and
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3.9. LOM, SEM, EBSD of HiRadMat-27 samples

Figure 3.30 – (a) LOM (30X) in two different longitudinal cuts of a spare #13W-Ta target. (b)-(d) SEM
(SE2) images of some regions [171].
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Chapter 3. The HiRadMat-27 experiment

Figure 3.31 – LOM (30X) in three cross sectional planes along the longitudinal axis of a spare #13W-Ta
target: a) third cut, b) fourth cut, c) sixth cut and d) detail of the sixth cut at 100X [171].

outer radius positions (see figure 3.21). The obtained results (not shown here) are compa-

rable to the ones obtained for the center line, i.e. a change in the microstructure (eventual

recrystallization, etc.) could not be observed.

Note that the EBSD images realized at the center line region of the reference (unirradiated)

samples iridium were obtained with different parameters than for samples of the HiRadMat-27

experiment. For the unirradiated ones, the images were obtained with a grid of 322 × 322 µm

(compared with 400 × 400 µm for the irradiated ones) and with a step size of 0.2 µm (vs 1 µm

for irradiated ones). Although this does not significantly modify the conclusions of the analyses

(i.e. no evidence of recrystallization), this change in parameters results in a different color

map for the KAM image. This can be explained by the much smaller step size acquisition that

allows for a much clearer resolution. The average KAM is more precise than for bigger steps

where the average crystal deformation calculation is realized within a wider area.

3.9.2 #4Ta1 target

For the #4Ta1 target, figure 3.35 first shows the SEM of the microstructure, the EBSD and

KAM images at the center line region of the reference sample (unirradiated). For comparison

of the results before and after the experiment, the same analyses are shown for samples at

low temperature (sample 1, z=0-3 mm, T ≤ 100 ◦C, except for the EBSD image that has been
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3.9. LOM, SEM, EBSD of HiRadMat-27 samples

(a) (b)

(c) (d)

Figure 3.32 – For the #11Ir2 target, SEM images of a) sample 2 (z=3-6 mm), b) tilted sample 10 (z=27-
30 mm) with partial longitudinal view, c) tilted sample 5 (z=50-52 mm) with partial longitudinal view,
d) zoom-in of the top of sample 5.
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Chapter 3. The HiRadMat-27 experiment

(a) (b) (c)

Figure 3.33 – For the #11Ir2 target, LOM images of a) sample 2 (z=3-6 mm), b) sample 10 (z=27-30 mm),
c) sample 5 (z=50-52 mm).

replaced by the similar sample 2, z=3-6 mm), at intermediate temperature (samples 6, z=43-

46 mm, T =∼ 1500 ◦C), and at peak temperature (sample 7, z=70-73 mm, T =∼ 1800 ◦C). The

images and analysis presented here are associated to the center line region. Similar analyses

were performed on the same cross section for the intermediate and outer radius positions

with no evident change in the microstructure either.

Figure 3.36 illustrates the KAM profile obtained in the center line region for an unirradiated Ta

sample, compared to KAM profiles in the same region at low temperature (sample 2, z=3-6

mm, T ≤ 100 ◦C), at intermediate temperature (sample 6, z=43-46 mm, T =∼ 1500 ◦C) and

at peak temperature (sample 7, z=70-73 mm, T =∼ 1800 ◦C). The same analysis has been

executed for the intermediate and rim region on the cross sample at all temperatures.
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Chapter 3. The HiRadMat-27 experiment

(a) SEM Reference sample at
center

(b) EBSD Reference sample at
center

(c) KAM Reference sample at
center

(d) SEM sample 1 at center (e) EBSD sample 2 at center (f ) KAM sample 2 at center

(g) SEM sample 6 at center (h) EBSD sample 6 at center (i) KAM sample 6 at center

(j) SEM sample 7 at center (k) EBSD sample 7 at center (l) KAM sample 7 at center

Figure 3.35 – (a)-(c) SEM, EBSD and KAM images at the center line region of the reference sample
(unirradiated). For the #4Ta1 target, (d)-(f) SEM, EBSD and KAM images at the center line region at
low temperature (sample 1, z=0-3 mm, except for the EBSD image that has been replaced by the alike
sample 2, z=3-6 mm), (g)-(i) SEM, EBSD and KAM images at the center line region at intermediate
temperature (samples 6, z=43-46 mm), and, (j)-(l) SEM, EBSD and KAM images at the center line region
at peak temperature (sample 7, z=70-73 mm).
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3.9. LOM, SEM, EBSD of HiRadMat-27 samples

(a) (b) (c)

Figure 3.36 – For the #4Ta1 target, (a) KAM profile in the center line region for the unirradiated Ta in
comparison with sample 2, 6 and 7, (b) KAM profile in the intermediate region for the unirradiated Ta
in comparison with sample 2, 6 and 7, and, (b) KAM profile in the rim region for the unirradiated Ta in
comparison with sample 2, 6 and 7.

3.9.3 #2TZM1 target

Similarly to the #11Ir2 and #4Ta1 targets, figure 3.37 presents the LOM, EBSD and KAM results

for the #2TZM1 target, respectively. Figures (a) to (c) show the obtained LOM images, together

with EBSD and KAM mapping at the center line region at low temperature (sample 4, z=6-

8 mm, T ≤ 90 ◦C), while figures (d) to (f) show the same results at peak temperature (sample 7,

z=130-132 mm, T =∼ 770 ◦C). Finally, figures (g) to (i) are the same analysis realized on the

previous sample 7, but focused on the center line region near the crack passing through the

middle. The change in main crystal orientations of the debris in the middle of the crack

(illustrated by a change in color dominance from green to blue) was probably due to an overall

slightly tilted surface of the debris rather than an actual change in crystal orientation. This

was confirmed by the KAM analysis.

For the samples depicted in figure 3.37, figure 3.38 shows the obtained KAM profiles in the

center line position and rim region for the sample 4 and 7, together with the KAM profile

realized in the region of the crack.
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(a) LOM sample 4 (b) EBSD sample 4 at center (c) KAM sample 4 at center

(d) LOM sample 7 (e) EBSD sample 7 at center (f ) KAM sample 7 at center

(g) SEM sample 7 on crack (h) EBSD sample 7 on crack (i) KAM sample 7 on crack

Figure 3.37 – For the #2TZM1 target, (a)-(c) LOM, EBSD and KAM images at the center line region at
low temperature (sample 4, z=6-8 mm), (d)-(f) LOM, EBSD and KAM images at the center line region at
peak temperature (sample 7, z=130-132 mm), and, (g)-(i) SEM, EBSD and KAM images at the center
line region of a detailed crack of sample 7.
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3.9. LOM, SEM, EBSD of HiRadMat-27 samples

Figure 3.38 – For the #2TZM1 target, KAM profile in the center line position and rim region for the
samples 4 and 7, together with the KAM profile realized in the region of the crack.

3.9.4 #6W1 target

The same analysis was performed for W material. For the #6W1 target, the figure 3.39 shows

the LOM, EBSD and KAM images at low temperature (sample 1, z=10-12 mm, T =∼ 280 ◦C), at

intermediate temperature (sample 5, z=30-32 mm, T =∼ 1600 ◦C), and at peak temperature

(sample 7, z=52-54 mm, T =∼ 2016 ◦C).

3.9.5 #13W-Ta target

The results of LOM for the #13W-Ta cladded target are depicted in figure 3.40 at intermediate

temperature (sample 2, z=30-32.5 mm, T =∼ 1600 ◦C), and for two samples at peak temper-

ature (sample 3, z=60-62.5 mm and sample 4, z=62.5-65 mm, T =∼ 2016 ◦C). Some details

are put in evidence for each sample in the tungsten rod and the Ta cladding. The selected

incidence illumination was grazing for the images of the overall sample and the details 1 and

bright field for the detail 2. This allowed for the appreciation of the microstructure, especially

for tungsten, but led to the apparition of an artifact for the appreciation of the bonding quality

between the tungsten and tantalum. According to this figure, it appears as if there was no

bonding any more on the entire circumference of the cladding, and this for all observed sam-

ples. The materials having different hardness, the sample preparation led to the apparition

of a difference of level between W and Ta. Tantalum being softer, its height turned out to be

lower compared to the tungsten one, leading to the apparition of a shadow at the interface of

both materials due to the grazing incident illumination.
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(a) LOM sample 1 (b) EBSD sample 1 at center (c) KAM sample 1 at center

(d) LOM sample 5 (e) EBSD sample 5 at center (f ) KAM sample 5 at center

(g) LOM sample 7 (h) EBSD sample 7 at center (i) EBSD sample 7 at center

Figure 3.39 – For the #6W1 target, (a)-(c) LOM, EBSD and KAM images at low temperature (sample
1, z=10-12 mm), (d)-(f) LOM, EBSD and KAM images at intermediate temperature (sample 5, z=30-
32 mm), and, (g)-(i) LOM, EBSD and KAM images at peak temperature (sample 7, z=52-54 mm).
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3.9. LOM, SEM, EBSD of HiRadMat-27 samples

The selection of an incidence illumination in bright field allowed for a better appreciation

of the bonding quality of the cladding. Figure 3.41 shows high-resolution LOM images at

intermediate temperature (sample 2, z=30-32.5 mm) and at peak temperature (sample 3, z=60-

62.5 mm) under bright field illumination. On the first image, a complete detachment between

W and Ta can be observed all around the circumference of the cladding, while for sample 3,

only the right half of the sample presents a detachment of the cladding. No interference is

observed on the left half of the sample.

(a) LOM sample 2 (b) LOM sample 2 detail 1 (c) LOM sample 2 detail 2

(d) LOM sample 3 (e) LOM sample 3 detail 1 (f ) LOM sample 3 detail 2

(g) LOM sample 4 (h) LOM sample 4 detail 1 (i) LOM sample 4 detail 2

Figure 3.40 – For the #13W-Ta target, (a)-(c) LOM images at intermediate temperature (sample 2, z=30-
32.5 mm), (d)-(f) LOM images at peak temperature (sample 3, z=60-62.5 mm), and, (g)-(y) LOM images
at peak temperature (sample 4, z=62.5-65 mm). The selected incidence illumination was grazing for
the images of the overall sample and the details 1 and bright field for the detail 2.
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(a) (b)

Figure 3.41 – For the #13W-Ta target, (a) High resolution LOM image at intermediate temperature
(sample 2, z=30-32.5 mm), (b) High resolution LOM image at peak temperature (sample 3, z=60-
62.5 mm). The selected incidence illumination was bright field.

3.9.6 #12Ir3 target

Result of the impact

As mentioned in section 3.4.3, the #12Ir3 target was impacted at the end of the experiment

by one pulse of 1.71 ·1012 ppp (higher than the originally foreseen 1.5 ·1012 ppp). The target

fragmented in a bulb-shape (see figure 3.14) consistently with longitudinal deposition of

energy in the target (see figure 3.2). Figure 3.25 shows how the samples were prepared from

the #12Ir3 target. The rod was cut in several pieces in order to proceed with fractographic

observations.

As a reminder, the first sample selection was chosen for fractographic studies. This part was

selected because it enabled us to see the structure evolution from the outside region (rim)

up to the beam axis. A second part of this study is focused on metallographic cross section

analysis (EBSD, microhardness measurements) on another selected part of the target. In

order to observe and understand the structure of this iridium sample, sample polishing and

electrolytic etching, EBSD mapping and microhardness testing were performed on this second

sample.

Fractographic observations

Fractographic observations were carried out on the iridium sample using SEM. An optical view,

obtained by stitching, of the examined zone is presented in figure 3.25. SEM image locations
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3.9. LOM, SEM, EBSD of HiRadMat-27 samples

correspond to areas framed in red and numbered from 1 to 10. Three locations were identified

and divided in ten zones:

1. The outer part of the rod, corresponding to locations 1 to 5,

2. the middle part of the rod, corresponding to locations 6 to 7, and,

3. the center part of the rod, corresponding to locations 8 to 10.

On the outer part of the rod, at macroscopic scale, the iridium fracture looks shiny with a

pronounced fibrous structure (locations 1 to 5) from the outer surface up to 1.5 mm towards

the center. This might be due to the inherent brittle behavior of this fcc metal on wide range

of temperatures, which is considered an exception compared with others fcc metals that are

generally very ductile and malleable. Locations close to the rod axis seem more distorted. We

can notice on figure 3.25 the multidirectional tearing of the fibers.

Figures 3.42 and 3.43 show the SEM observations on the outer part of the rod. The locations

close to the outer surface of the rod exhibit a fibrous aspect and consist in several successions

of both BTF and BIF modes through elongated grains in longitudinal direction of the rod.

The transition from mat to bright area (according to macroscopic observations) seems to be

a transition between BTF with low percentage of BIF to mainly entirely BIF. The BIF mode

tendency is evidenced by the longitudinal secondary crack observed, which seems to follow

the grain elongated shape and by uncoupled grains. A transgranular cleavage zone is present.

The river pattern orientation indicates that the crack propagation probably took place from

the center of the rod towards the external rim.

Figure 3.44 shows the SEM observations in the middle part of the rod. In this area, grainy

pattern on surface can be observed with higher density features like "tongues1" and plastic

lips. At the end of location 6, iridium fibers show some plastic deformation with a slight

necking before brittle fracture by cleavage. Slip bands area clearly visible in the necked region

indicating a typical ductile fracture behavior. However, even if some ductility seems to occur by

observation of the necks, iridium always breaks at the end in a brittle mode of fracture, which

seems to be an intrinsic mode of fracture for this material for temperature below 700◦C [37].

Figure 3.45 shows the SEM observations in the center part of the rod. In this area, fractures

by cleavage perpendicular to the fibers longitudinally oriented are observed. However, for

the fibers oriented towards the rod axis, high plastic flow can be observed. Feature lines

indicating the formation of new grains (recrystallization) during deformation or due to high

temperature are clearly visible. In addition, the observation of "drop" like features appears to

be an indication that local melting occurred in this area.

1"Tongues" are formed at the intersection of the cleavage plane with mechanical twins [208].
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Figure 3.42 – External part of the rod, matte area (location 1 (a)-(d) at 0.1 mm from the edge and
location 2 (e)-(f) at 0.3 mm from the edge). (a) The location close to the outer surface of the rod
exhibits a fibrous aspect. Both BIF and BTF modes are present and follow each other one after another
resulting in a MBF (Mixture Brittle Fracture) mode. (b) Detail: the surface exhibits a grainy aspect.
(c) Detail: the grainy aspect is typical of a BIF mode. (d) A BTF through elongated grains in longitudinal
direction of the rod is clearly recognizable. Some transgranular cleavage with river pattern is observable.
(e) Succession between BIF and BTF. (f) BIF mode with longitudinal cracks following the grain elongated
shape.
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3.9. LOM, SEM, EBSD of HiRadMat-27 samples

Figure 3.43 – Matte to bright area transition (location 3 (a)-(d) at 0.6 mm from the edge and location 4
(e)-(f) at 0.9 mm from the edge). (a) Observation of matte area (mainly BTF with low percentage of
BIF) to bright area (mainly BIF mode). (b)-(c) Detail (b) and (c): transgranular cleavage zone with
observation of "tongues". (d) Transgranular cleavage zone with crack propagation according to rivers
pattern (red arrow). A change of river pattern direction (red dash line) represents a grain, subgrain, or
twin boundaries. (e) Observation of a bright area (BIF mode) with longitudinal secondary cracks and
brittle transgranular cleavage in the radial plane (perpendicular to the fiber direction). (f) Detail (f).
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Figure 3.44 – Matte area and beginning of plastic flow (location 6 at 1.9 mm from the edge). (a)-
(b) Observation of grainy pattern on surface. (c)-(d) Observation of plastic lips and "tongues". (e) Plastic
deformation with a slight necking before brittle fracture by cleavage. (f) Slip bands in necked region.
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3.9. LOM, SEM, EBSD of HiRadMat-27 samples

Figure 3.45 – Center part of the rod, ductile fracture (location 7 (a)-(d) at 2.7 mm from the edge and
location 9 (e)-(f) at 4 mm from the edge). Observation of (a) a ductile transgranular fracture (DTF)
with necking and slip bands, (b) micro-voids and shear lips and the end of the necking, (c)-(d) dimple
shape and shear lips with round features. (e)-(f) Close to the rod axis, observation highly deformed
structure by plastic flow and necking with rounded features with dendritic aspect ("drop" like features).
(f) Recrystallization can be observed.
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Micrographic observations

The second part from the #12Ir3 target (see figure 3.25) was prepared (ground down to the

middle of the fiber in order to observe the sample on the longitudinal plan xz plan, polished

and electrolytically etched) in order to perform metallographic cross section analysis with

LOM, EBSD and microhardness measurements. Figure 3.46 shows a stitched view of the

sample after 1st polishing and etching. This location is close to the middle of the rod (at

3.9 mm from the outer surface). Locations framed in red are investigated. The 1st zoom

presents recrystallized parts with transgranular break. The different grain size seems due to a

secondary recrystallization.

Figure 3.47 highlights the fracture behavior from the rod outer surface up to the location close

to the rod axis (center of the rod). In figure (d), a brittle fracture can be first observed with

intergranular cracks in the longitudinal direction and transgranular cracks in radial direction

on the first 2 mm (the expected temperature is from RT up to 700 ◦C). Then, in figure (c),

plastic deformation occurs with pronounced necking but without recrystallization probably

around 700 ◦C to 800 ◦C (brittle traversal secondary cracks can be still observed, see red arrow).

In the area near the center of the rod (detail (b)), plastic deformation without secondary cracks

can be observed, then, fine recrystallized grains with void coalescence on the back (expected

range: 1000−1600 ◦C).

Finally, EBSD was performed in the first area of figure 3.46. Figure 3.48 shows the result of the

EBSD analysis in a region close to the center of the target. EBSD mapping shows primary and

secondary recrystallization with the disappearance of the misorientation in the recrystallized

part and elongated grain in the left corner of the image with misorientation due to previous

strain-hardening.
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3.9. LOM, SEM, EBSD of HiRadMat-27 samples

Figure 3.46 – (a) Stitched view of the sample after 1st polishing and etching - investigated locations
are framed in red. The first zoom is presented in (b) and exhibits a ductile fracture with secondary
recrystallized parts with transgranular break. Observation of (c) elongated fibers in longitudinal
direction with branched cracks, and (d) tearing with void coalescence (typical of ductile fracture mode).
(e) Close to the outer part of the rod: longitudinal brittle crack intergranular mode and transverse crack
in transgranular mode (red arrows).
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Figure 3.47 – (a) Stitching of the sample extremity (after the first observations, the sample was repol-
ished) - 2nd frame in figure 3.46. (b) Severe necking with recrystallized grains. (c) Pronounced necking
with high plastic flow. (d) Brittle fracture without noticeable plastic flow.
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3.10. Measurement of residual stresses with XRD

Figure 3.48 – (a) Optical view of the EBSD location. (b) SEM view of the EBSD location. (c) Inverse
pole figure and grain boundaries (pole figure according to z direction, step size 0.5 µm). (d) Local
misorientation mapping (step size 0.5 µm).

3.10 Measurement of residual stresses with XRD

3.10.1 Experimental results

Figure 3.49 presents the XRD analysis results for #11Ir2, #4Ta1, #2TZM1 and #6W1 targets. For

#11Ir2 and #4Ta1 targets, XRD stress results are presented for the reference sample (unirradi-

ated), at low temperature (sample 1, z=0-3 mm and sample 4, z=9-12 mm, respectively), at

intermediate temperature (sample 10, z=27-30 mm and sample 5, z=40-43 mm, respectively),

and at peak temperature (sample 5, z=50-52 mm and sample 8, z=73-76 mm, respectively).

For #2TZM1 and #6W1 targets, XRD stress results are depicted at low temperature (sample 3,

z=4-6 mm and sample 1, z=10-12 mm, respectively), and at peak temperature (sample 9, z=128-

130 mm and sample 6, z=50-52 mm, respectively). The figures (e)-(h) show the corresponding

XRD microstrain results.
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3.11. Indentation microhardness measurements

3.11 Indentation microhardness measurements

3.11.1 Microhardness measurements with the microindenter

Microindentation of unirradiated materials

Results of the microhardness measurements (averaged on 4 measurements) are given in

table 3.5. The theoretical hardness is given by the Plansee technical spreadsheet [39]. For

iridium, the theoretical hardness is given by MatWeb [43]. Some discrepancy can be observed

for iridium. This comes from the location of the tests. The two first tests were performed at the

center of the two tested samples and gave results within the standard deviation. The hardness

for the third test (performed at Framatome GmbH, Erlangen (Germany) [172]) gave an mean

value slightly higher than the two previous ones. This is due to the fact that some values at the

edge of the samples were higher (see paragraph here below). Despite this, as conclusion of

the tests, it can be noted that the hardness numbers of the samples comply with the technical

data available in published works.

Microhardness measurements performed at Framatome GmbH, Erlangen (Germany) [172]

can be observed here below in figure 3.26a. Averaged values of the microindentation tests

are reported in table 3.5. A difference of 50 HV can be noticed between the center and the

rim of the sample, independently of the indentation force. The hardness measurements show

452 HV1 (4.43 GPa) and 450 HV0.1 values in the center and 455/457 HV1 (4.46/4.48 GPa) and

504/507 HV0.1 (4.94/4.97 GPa) values at the outer surface. The discrepancy between the HV1

and HV0.1 values on the outside reflects the indentation size effect.

Sample Average HV0.5 Standard deviation Theoretical hardness
Ir1 440 21 370 HV (annealed)

-
650 HV (cold drawn)

Ir2 458 40
Ir3 471 (HV0.1 & HV1) 25
Ta 162 1 120 - 220 HV
W 488 8 420 - 500 HV

W-La 478 11 >420 HV
Mo 238 2 230 - 280 HV

TZM 324 5 260 - 320 HV
1Mechanically polished and tested at CERN. 2 Electrolytically polished
and tested at CERN. 3 Electrolytically polished and tested at Framatome.

Table 3.5 – Results of the microhardness measurements (averaged on 4 measurements for Ta, W, W-La,
Mo and TZM and on 6 measurements for Ir) [169]. The theoretical hardness is given by the Plansee
technical spreadsheet [39]. For iridium, the theoretical hardness is given by MatWeb [43].

Tantalum, tungsten and TZM from the HiRadMat-27 experiment

Indentation microhardness measurements were performed at CERN with the microinden-

ter (see section 2.3.3) on Tantalum (#4Ta1 sample 4), Tungsten (#6W1 sample 5) and TZM
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Chapter 3. The HiRadMat-27 experiment

(#2TZM1 sample 8) at the center line of the samples - for which the samples reached the

maximum temperature - and were compared with the reference measurements (see table 3.5).

Samples were tested with HV0.5 (0.5 kgf, ∼ 5 N, ∼ 0.5 kg). The results are shown in figure 3.50.

Microhardness of 162±1 HV0.5 and 157±18 HV0.5 were measured for tantalum prior and after

the irradiation, respectively. The values are within the standard error. Tungsten showed a slight

softening with microhardness measurements of 488±8 HV0.5 and 461±13 HV0.5 prior and

after the irradiation, respectively. Finally, microhardness of 324±5 HV0.5 and 336±14 HV0.5

were measured for TZM prior and after the irradiation, respectively. The obtained values

are also within the standard error. In the light of the obtained results, we can deduce that

the microhardness measurements with the microindenter did not show major evidences of

changes of the microstructure before and after the HiRadMat-27 experiment.

Figure 3.50 – Microindentation measurements comparison before and after HiRadMat-27 experiment
for tantalum, tungsten and TZM materials.

#12Ir3 of the HiRadMat-27 experiment

Figure 3.51a depicts the microhardness measurements with an applied force of 500g from

the radius position r ≈ 0 (close to rod axis), to r ≈ 1.75 mm (towards the rim portion). Three

indentation rows were tested. The result of the hardness profiles is depicted in figure 3.51b. A

logarithm fit is applied to the three rows of data. Hardness values of ∼ 350 HV are measured in

the central part of the rod. Then, hardness increases from ∼ 420 HV after ≈ 250 µm to about

∼ 550 HV after r ≈ 1700 µm.
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3.11. Indentation microhardness measurements

(a) (b)

Figure 3.51 – (a) Location of the indentation rows for #12Ir3 after polishing. (b) Microindentation
measurements for the three indentation rows for #12Ir3.

3.11.2 Microhardness measurements with the nanoindenter

Environmental conditions and test parameters

The environmental conditions and test parameters are summarized in table 3.6 and 3.7,

respectively. The method used was CSM with depth control with sufficiently high depth

(up to 2000 nm) to avoid size effect [209] and issues with small indentation depth [210] (see

section 2.5.5). Hardness results were obtain by taking an average of the obtain results between

a depth range from 950 nm to 1050 nm.

Test atmosphere Air
Temperature ◦C 28.5
Humidity Ambient

Table 3.6 – Environmental conditions for the nanoindentation tests of the HiRadMat-27 samples.

Iridium, tungsten and TZM

Figure 3.52 shows the microhardness measurement results obtained with a nanoindenter

for the unirradiated iridium along the radius r of one sample’s cross section. Each result is a

average obtained at given radius r every 300 nm along a row from the center to the rim position.

A linear fit depicts an increase of the hardness with the radius. Two additional hardness results

at the rim and at the center of the sample are shown. The latter are obtained by averaging 6

nanoindentations on a row spaced by 100 nm at the rim and at center positions, respectively.

An average hardness of 7.04±0.25 GPa is measured at the center, while 7.39±0.39 GPa is

obtained at the rim position. However, along the line from the center to the rim position, the
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Experiment HiRadMat-27
Tested materials Ir, W, TZM
Intenter type Berkovich diamond
Loading type CSM, depth control
Surface approach
velocity

nm/s 10

Depth limit nm 2000
Strain rate target s−1 0.05
Harmonic displacement
target

nm 2

Frequency target Hz 20
Surface approach
distance

nm 3000

Pause at max load s 15
Minimum depth
for average

nm 950

Maximum depth
for average

nm 1050

Table 3.7 – Test parameters for nanoindentation tests on samples from HiRadMat-27 experiment.

minimum and maximum microhardness measured values were 6.59 GPa (at 0.9 mm) and

7.51 GPa (at ∼ 2 mm), respectively.

Figure 3.53 shows the microhardness measurement results before and after the irradiation

obtained with a nanoindenter for (a) iridium, (b) tungsten, and (d) TZM at two positions: at

the rim and at the center of each sample.

For iridium, the measurement values at the rim and center position of figure 3.52 are compared

with the irradiated samples of the #11Ir2 target for sample 1 (longitudinal position 0 mm ≤
z1 ≤ 3 mm along the rod, estimated temperature T1 ≤ 100 ◦C, see table 3.4) and sample 8

(longitudinal position 52 mm ≤ z8 ≤ 55 mm along the rod, estimated temperature T8
∼=

2100 ◦C). The hardness is lower at the center compared to the rim position, and this for

all samples. However, this difference is more pronounced for sample 1 than for the two

other samples. The hardness reaches 8.24± 0.3 GPa at the rim, while the center reaches

6.75±0.58 GPa. Sample 8, which experienced the highest temperature, presents hardness

results of 7.38±0.18 GPa and 6.65±0.59 GPa for the rim and center positions, respectively.

For W, the unirradiated sample is compared with the irradiated samples 2, 5 and 7 of the

#6W1 target. The latter were taken from the longitudinal positions 12 mm ≤ z2 ≤ 14 mm,

30 mm ≤ z5 ≤ 32 mm, and 52 mm ≤ z7 ≤ 54 mm with reached temperatures estimated at

280 ◦C≤ T2 ≤ 970 ◦C, T5
∼= 1600 ◦C, and T7

∼= 2016 ◦C, respectively. The lowest hardness is

measured for the unirradiated sample with 6.81±0.22 GPa (at the rim position), while the
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3.11. Indentation microhardness measurements

highest hardness is found for sample 7 with 7,47±0.22 GPa at the rim position. On average,

the hardness for all samples is ∼ 7.1±0.35 GPa.

For TZM, the unirradiated sample is compared to the irradiated samples 4, 7 and 10 of the

#2TZM1 target. The latter were taken from the longitudinal positions 6 mm ≤ z4 ≤ 8 mm,

130 mm ≤ z7 ≤ 132 mm, and 92 mm ≤ z10 ≤ 94 mm with reached temperatures estimated at

T4 ≤ 90 ◦C, T7
∼= 770 ◦C, and T10

∼= 680 ◦C, respectively. The unirradiated sample presents the

lowest hardness with 4.94±0.16 GPa (rim position), while the highest hardness is measured in

sample 10 with 5.45±0.14 GPa.

Figure 3.52 – Microhardness measurement results obtained with a nanoindenter for the unirradiated
iridium along the radius r of one sample’s cross section.
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Figure 3.53 – Microhardness measurement results before and after the irradiation obtained with a
nanoindenter for (a) iridium, (b) tungsten, and (d) TZM at two positions: at the rim and at the center of
each sample.
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4 The HiRadMat-42 experiment

4.1 Experiment details

4.1.1 Purpose of the HiRadMat-42 experiment

The tantalum material in the HiRadMat-27 showed a different response from the rest of

other materials. The Ta targets showed high plastic deformation without cracking during the

experiment as compared with the other materials for the same reached conditions. The main

reason of this behavior is to be attributed to tantalum’s high ductility in comparison with other

materials in the experiment. This result led us to think that tantalum could be considered as

one of the best candidates for core materials of the future AD-target design as specified in

refs. [10, 211].

Important results were already brought with the HiRadMat-27 experiment on the response of

high-density materials dynamically loaded by the impact of proton pulses. However, Ta targets

experimented only few pulses. Additional testing was necessary to study the behavior of such

targets under a cycling loading similar to what it is encountered in the AD-target. A further

step within the ongoing R&D (Research and Development) activities for the redesign of the

CERN AD-target was undertaken then with the HiRadMat-42 experiment. The design of the

experiment, calculation of pressures and temperatures and good execution of the experiment,

and the neutron tomography were mainly described in refs. [10, 211]. However, the design

of the target, the conditions of the experiments are briefly recalled here as prerequisite for

the PIE.

4.1.2 Design of the target

The HiRadMat-42 target design is a first scaled target prototype of what can constitute the

future of targets for antiprotons production at CERN. It is constituted by a sliced core made of

ten Ta rods -8 mm diameter, 16 mm length- embedded in a compressed EG matrix, inserted in

a 44 mm diameter Ti-6Al-4V container (2 mm thickness). The titanium container was selected
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for two reasons: (i) to emulate the AD-target envelope in which the EG can be compressed and

(ii) as confinement for safety reasons, to avoid radioactive contamination in case of eventual

fracture of the core or the matrix.

Figure 4.1 – (a) Half-cut of the HiRadMat-42 target geometry. (b) Cross section of the HiRadMat-42
target geometry. (c) Photography of the target [211].

The HiRadMat-42 experiment was also the occasion for testing the EG as matrix material for

future target design. EG material was purchased from SGL company [212] and can be found

with the commercial name of SIGRAFLEX®. Eighty-seven hollow disks (3 mm thickness in

pristine conditions) of EG material were compressed up to an average compression ratio of

27% in the longitudinal direction during the assembly, reaching a compression pressure of

about 30 MPa. The radial expansion by Poisson effect due to the compression was estimated

to be 150 µm (order of magnitude in unconstrained conditions). This was deemed enough to

compensate the gaps between pieces due to tolerances. Additionally, the radial expansion al-

lowed for applying a certain contact pressure to guarantee thermal conductance and adapting

to potential swelling of Ta core due to plastic deformation [211].

4.1.3 Beam parameters

Similarly to the HiRadMat-27 experiment, the HiRadMat-42 experiment was performed with

proton beam impacts at the CERN’s HiRadMat facility [2]. The characteristics of the proton

beam impacted on the target were foreseen to be the same as the highest intensity ones
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of the HiRadMat-27 experiment (beam intensity of 1.5 ·1012 ppp with a nominal spot size

of 1.5× 1.5 mm at 1σ) [47]. However, the shape of the beam during the experiment was

observed to be asymmetrical, being systematically more focused on the vertical plane by

20% to 30% [213]. The beam was composed of 36 bunches spaced by 25 ns (with a 5 ns

bunch length), leading to an overall pulse length of 0.9 µs. The irradiation sequence consisted

of six series of irradiation with 7-8 pulses every 40 s and spaced by ∼ 15 min. of cooling

time [214]. Also, one main difference with the HiRadMat-27 experiment lies in the total

amount of pulses received. A total of 47 high intensity proton pulses were impacted on target

during the experiment, resulting in a total pot of 7 ·1013.

4.1.4 Conditions reached in the HiRadMat-42 experiment

The beam parameters presented above allowed us to recreate equivalent conditions (in terms

of rise of temperature and radial compressive-to-tensile pressure wave) as the ones reached

in the AD-target [35]. They were selected in such a way to excite the radial vibration mode of

the core. Refs. [10, 47, 49] and section 3.1.3 depict more details of how the conditions reached

in the AD-target can be recreated in HiRadMat experiments. However, one major difference

in comparison with HiRadMat-27 experiment where Ta targets were single rods, is given by

the fact that, in the HiRadMat-42 experiment, the targets core were sliced. The goal of the

slicing was to mitigate the excitation of the bending due to minor offsets in the beam impact

position [204]. Instead of having one long rod of hundreds of millimeters, the rods in this

experiment were maximum 16 mm long.

As it was done for the HiRadMat-27 experiment, the temperature profiles reached for the whole

rods were obtained by the combination of both FLUKA Monte-Carlo code [55] and ANSYS®

Mechanical [197] FE software (see section 3.1.3). Each proton pulse on the target led to an adi-

abatic rise of temperature depending on the energy deposited on each rod. The first two rods

do not present a high elevation of temperature, while the peak and gradient of temperature

are located in rod #4. Based on the simulations, the deposition of energy reached a maximum

of 4.5 kJ/cm3 in the bulk of the rod #4 from the upstream direction of the beam [214, 215].

With a pulse duration of only 0.9 µs, this led to a maximum deposited power of 5000 MW/cm3.

For this rod, the adiabatic rise of temperature was estimated of ∼ 1800 ◦C per pulse. Heat

diffusion in the target rods and through the graphite matrix was taking place relatively fast

(to the order of a few milliseconds) with, as a result, a rapid drop of the peak temperature.

However, the target was not actively cooled, and thus, a temperature build-up took place

during the experiment despite the cooling time between two series (see section 4.1.3). ANSYS®

simulations taking into account the temperature build-up result in a maximum temperature

of 2410 ◦C in the rod #4 after the 25th pulse (see figure 4.2). However this temperature is not

uniform, but present a huge gradient. The latter is depicted in figure 4.4, which shows the

temperature contour plots. For the other rods, the reached temperatures remain high, but

more uniform. Figure 4.3 illustrates the maximum temperatures and pressures reached in

each rod of the HiRadMat-42 target. The pressure response at the center of the core rods were
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estimated by ANSYS® simulations. The increase of the pressure is a direct consequence of

the temperature increase and is fully coupled with it [211]. A compressive-to-tensile pressure

wave in radial mode (with a period of 2.7 µs) was the dominant response reaching a maximum

of 8.8 GPa in tension. More details about simulations can be found in refs. [214, 215].

Figure 4.2 – Evolution with time of the estimated maximum temperature after the 25th proton pulse
impact in the rods #1, #2, #4, #7 and #9. The time to reach homogeneous temperature is indicated
by Th [214].

4.1.5 Neutron tomography

A neutron tomography of the target prototype after irradiation has been performed at the

NEUTRA (NEUtron Transmission Radiography) line at the PSI in Switzerland [216] (see fig-

ure 4.4). Tomography images of medium to large size objects are performed using a thermal

neutron energy spectrum, which is convenient for penetrating the 8 mm diameter Ta core. As

a result, a complete scan of the target was possible by scanning the two halves of the target and

by assembling the two images. The neutron tomography successfully revealed the internal

state of the tantalum core with a spatial resolution to the order of 50 µm.

4.1.6 Purpose of the analyses

An important result of the HiRadMat-42 experiment is the observation of voids inside the

rods in the neutron tomography, showing the appearance of voids up to several hundreds of

micrometers. Even if the higher temperatures and tensile pressures were reached in rod #4,

the neutron tomography revealed that the most impacted by these are the downstream part,

i.e. rods #9 and #10. The plastic deformation of the rods is clearly visible on the image. The
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Figure 4.3 – Maximum temperatures and pressures reached in each rod of HiRadMat-42 target. The
elevation of the pressure is a direct consequence of the elevation of the temperature [211].

rods show bending deformation and a small protuberance on the upstream and downstream

sides.

LOM and SEM can offer a better insight and comprehension of this phenomena. These

techniques allow for more precise study of the size of the voids and their locations in space

(see from section 4.5.2 on). The target was opened, the Ta inner rods extracted from of the

target, and samples prepared from the rods by cutting the latter and polishing them (see

section 4.2 and 4.4). The porosity distribution among the rods is evaluated by a 2D cross

sectional porosity φ analysis. Thus, the porosity φ is given by the ratio of the voids area in

comparison with the total original (prior to the irradiation) 2D cross sectional surface of

the sample. However, such analysis offers only a picture at one location of the longitudinal

z-axis of the rods. The deduced porosity is certainly a good indication of how the voids are

distributed along the radius r , but it is not representative of the voids distribution on the entire

rod. The neutron tomography (see figure 4.4) highlighted the presence of elongated voids

in the longitudinal direction z of the rods. Therefore, in addition to the analysis of the cross

sections, it was decided to analyze longitudinal cuts. This could offer a better glimpse of how

the porosity is distributed over the longitudinal direction of the rods and also study the area of

distribution of the recrystallization.

However, before cutting rods to analyze their insides (microstructure, voids, etc.), the sam-

ple outsides were first inspected and metrological analyses were performed to measure the

residual deformation after the experiment (see section 4.3).

131



Chapter 4. The HiRadMat-42 experiment

Figure 4.4 – a) Schematics of the HiRadMat-42 target, showing the Ta core and the expanded graphite
matrix configuration. The beam enters from the left and goes through all the rods [52]. b) Contour plot
of temperatures reached in the HiRadMat-42 target rods consequent to the proton beam impact [211].
c) Colored contrast image of the neutron tomography performed after proton irradiation. The im-
ages reveals the presence of voids in the Ta core, particularity concentrated within the downstream
rods [211].
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4.2 Opening of the target

After the experiment, a dose rate of 50 µSv/h was measured at contact of the HiRadMat-42

target. The core rods inside the target had then to be extracted. The extraction of the rods

were done in two steps: (i) cutting of target and (ii) extraction of the rods. As presented in

figure 4.5a, the cut of the HiRadMat-42 titanium alloy housing took place with the dedicated

Struers Secotom-50 [217]. The inside of the target being under pressure (see section 4.1.2), the

pressure released during cutting led to several damaged cutting disks. Both sides of the target

had to be cut in order to extract the central part from is external housing.

The EG matrix used in the target present the characteristics to be crumbly. This could have

resulted in activated graphite contamination, due to the diffusion of powder and delamination

of small radioactive particles during the core extraction. In order to reduce the associated

risks, an extraction tool was conceived and built. This was made of a target holder and a

hydraulic piston acting on the inside part of the target. The extraction took place in the under-

pressurized fume-hood of the ISOLDE (Isotope mass Separator On-Line) facility at CERN [218],

especially built to work with activated materials. Figure 4.5b depicts the extraction of the

content of the HiRadMat-42 target. Once extracted, the 10 Ta rods have been conditioned and

registered in TREC.

(a) Cut of the HiRadMat-42 target. (b) Extraction of the content of the HiRadMat-42
target.

Figure 4.5 – a) Cut of the HiRadMat-42 target with the dedicated Struers Secotom-50 [217]. The cut
released a lot of the graphite from inside the target. b) A tool to compress the content of the target had
to be realized in order to extract the content of the HiRadMat-42 target. The extraction of the target had
to take place in the fume-hood of ISOLDE for radiation protection and safety reasons.

4.3 First PIE

4.3.1 HiRadMat-42 inspections

Systematic HD photos were taken on the face of the cylinder and on both flat side surfaces of

the 10 Ta rods cylinder. The photos were acquired with a Nikon D850 with a capture of 13 sec.

ima/32 60 mm (ISO 31). Figure 4.6 shows an example on the rod #8.
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(a) (b)

Figure 4.6 – a) Picture of the rod #8. A bending and an inflation of the rod can be observed as a direct
consequence of the deformation process with the impact of the rod. b) Oxidation of the surface of the
rod as a consequence of the beam impact on it. The observation of the center of the coloration gives an
indication of beam offset during experiment.

A bending and a swelling of the rod can be observed as a direct consequence of the deformation

process with the proton beam impact of the rod. This confirms the first observations realized

with the neutron tomography (see figure 4.4). A distinctive oxidation mark is also visible

on the surface of the rod, as a consequence of the beam impact. The observation of the

center of the coloration, relative to the center of the rod, gives an indication of beam offset

during experiment. Measurements of the offset on both flat side faces for the 10 rods of the

HiRadMat-42 experiment are given in table 4.1.

The HD photos of each target’s faces were imported in the post-processing software of the

digital microscope KEYENCE VHX 1000 and processed. The centers of the impacts were

evaluated as the centers of the circles that matched the best the contours of the oxidation

mark. The offsets were evaluated as the distance between the centers of the circles matching

the best the outer shape of the cylinders and the centers of the circles of the oxidation marks

(see figure 4.6b). This method presents the advantage of being simple and fast to implement.

However, one major drawback is shown by the fact that the use of a circle to approximate

the contours of the oxidation marks and the circumferences of the rods is not optimal. As

shown in section 4.3.2, the latter have more the shape of an ellipse rather than that of a circle.

Each ellipse shape of the oxidation marks can be included in two circles, one maximum circle

and one minimum circle passing by the major and minor axis of the ellipse, respectively. A

maximum and minimum offset can be evaluated by calculating the difference between the

center of the circle of the rod outer shape and the center of the maximum circle or minimum
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Offset (µm) Faces
Rod Upstream Downstream
1 n/a 1310
2 815 n/a
3 455 565
4 n/a 280
5 350 415
6 615 345
7 515 350
8 605 625
9 n/a 685
10 840 665
Global average
offset

590±250

Table 4.1 – Measurement of the offset on both flat side faces for the 10 rods of the HiRadMat-42
experiment. A global average offset for the entire target is calculated as a mean value taking into
account each rod. The error of the offset measurement can be estimated to be ∼±50%.

circle. The error is given by maximum difference among the maximum or minimum offset. By

applying this method, the error of the offset measurement can be estimated to be ∼±50%.

A global average offset for the entire target is calculated as a mean value taking into account

each rod. The calculation does not take into account the offset of the first rod. This is due to

the fact that the shape of this rod was conical and was not properly held by the EG matrix as

for the other rods. Thus, one side of the rod could move freely. Therefore, a slight translation

of the free surface from its initial position could have led to a major error. Therefore, it was

decided not to take into account the measure of the first rod. From these measurements, we

can conclude that the beam presented, on average, a global offset of ∼ 590±250 µm (1σ).

4.3.2 Rods metrology

Rod diameter measurements were carried out employing a ZEISS O-INSPECT 863 system,

with a machine measurement error of 2.25 µm. Measurements were performed with 300

points all around the diameter of the rod for each longitudinal step z. With a radius r of 4 mm

for the rod, this results in a measurement point every ∼ 84 µm on the circumference of the

rod. 300 measurements points around a ∅8 mm rod were considered enough to detect any

deformation of the surface of the rod. The longitudinal steps were spaced by 1 mm and up

to 13 steps could be measured on the samples. Figure 4.7a illustrates the measurements of

the diameter of the rods with respect to the longitudinal direction z, while figure 4.7b shows

the maximum diameter deviations derived from measurements. The results represent the

maximum deviation from the initial diameter size of 8 mm. Rod diameter measurements of

rods #4 and #9 are missing due to the fact that these samples have been cut for LOM prior to

the execution of this campaign.
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Diam.

z

(a) (b)

Figure 4.7 – a) Measurements of the diameter of the rods with respect to the longitudinal direction z.
b) Maximum diameter deviation derived from measurements in a).

The maximum diameter deviation is obtained in the center of the rod, at about 8 mm from the

straight side of the 16 mm cylinder. Figure 4.8 shows the correlation between the maximum

diameter deviation as depicted in figure 4.7b and the maximum temperature reached in the

rods as from figure 4.3.

We can see the higher the temperature is, the higher the deformation. Indeed, rod #2 show a

maximum diameter deviation of 0.16 mm, while rod #5 shows a difference of 0.52 mm. Accord-

ing to this correlation between the absorbed energy and the maximum diameter deviation,

the maximum would have been reached indubitably by rod #4.

From the measurements obtained by the ZEISS O-INSPECT 863 system it is also possible,

for each diameter, to obtain a mean circle by the least squares method and determine a gap

between the average diameter and the real measurements. For example, this measure of

circularity is depicted in figure 4.9 for the rod #2 z = 5 mm and for rod #3 at z = 7 mm. A

way to represent the deformation of the measured rod diameter is to depict the obtained

mean diameter encircled by a virtual maximum and minimum circle, respectively. Each of

these two circles is spaced by 0.03 mm with respect to the obtained mean diameter. Thus,

the deformation of the rod appears as a relative distance with respect to the obtained mean

diameter. This measure illustrates the fact that the rods are deformed by the passage of the

proton beam leading to an elliptical final shape. It can be observed that rod #3 presents a

larger deformation compared to rod #2. In addition, for rod #3, two peaks on the left side can

be observed on the measured ellipse. This could be the result of some incrustation on the

surface.
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Figure 4.8 – Corrrelation between the maximum diameter deviation of figure 4.7b and the maximum
temperature reached in the rods as presented in figure 4.3.

4.4 Samples preparation

After the metrology test campaign, the ten rods of the HiRadMat-42 experiment were molded

in an epoxy resin in order to be cut [217]. Two cuts of ∼ 3 mm per rod were performed in

the center of the rods, leaving two ends of the cylinder of ∼ 5 mm long. This procedure was

followed for all cuts, except for rods #7, #8 and #10. For both rods #7 and #8, it was decided

to perform longitudinal cuts as well. For these two rods, the two cross sections were cut at

a longitudinal distance z of maximum 2 mm from one side of the cylinder. The rest of the

cut were sliced twice longitudinally with a thickness of ∼ 2 mm (see figure 4.10). The rod #10

had a total shorter length of 10 mm. Longitudinal cut were impossible on that rod. However,

two cross sectional cuts were achieved and one end left from the cut could be used as a third

sample. The obtained samples from the rods have been then conditioned and registered in

TREC. The nomenclature for the obtained samples follows the present logic: the two obtained

cross- sectional samples followed the numeration 1 and 2 appended to the rod number. For

example the two cross sections from rod #4 are samples #4-1 and #4-2. The numbers 3 and 4

are reserved for longitudinal samples, for example, #7-3, #7-4, etc. There are in total 21 cross

sectional samples (two cross sectional samples per rod, except rod #10, which have three

cross sectional samples), and four longitudinal samples. The nomenclature for the obtained

samples is summarized in table 4.2.

The dimensions of the cut were missing precision due to the difficulty of cutting the rods using

the dedicated Struers machine, attributed to the poor alignment of the samples in front of the

saw of the machine. The reason is that this alignment had to be carry out with the lid of the

machine closed for safety reasons. The alignment was performed through the closed lid with
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(a) (b)

(c) (d)

Figure 4.9 – Measure of the circularity for rod #2 and #3: a) rod #2, b) rod #3, c) Circularity measurements
for rod #2 at z = 5 mm. The mean diameter obtained by the mean squares method is included between
two other circles spaced by 0.03 mm with respect to the obtained mean diameter. d) Circularity
measurements for rod #3 at z = 7 mm.
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the operator’s naked eye as best guide. Each cut was ∼ 1 mm thick due to the thickness of the

saw. Following such procedure, the error on the cut location was estimated at ±1.5 mm.

The cross and longitudinal sections were then mounted in phenolic resin, mechanically

ground (with P600, P1200 and P2400 grit paper), polished with diamond suspension (3 µm)

and polished with colloidal silica suspension, according to the procedure established in

section 2.6 for tantalum. Chemical etching was carried out between each step by immersing

the sample for ∼ 90 s in solution #66 from standard ASTM E407 [219].

(a) (b)

Figure 4.10 – (a) Cutting protocol for all rods, except rods #7 and #8. (b) Cutting protocol for rods #7
and #8. Two cross sectional samples were cut followed by two longitudinal samples.

Sample labeling protocol

Cross sectional
1-1
1-2

...
9-1
9-2

10-1
10-2
10-3

Longitudinal
7-3
7-4

8-3
8-4

Table 4.2 – Sample labeling protocol: the first number indicates the rod number and the second number
the cut number.

4.5 LOM, SEM and EBSD

4.5.1 Experimental procedure - protocols

For samples #4-1 and #9-1, high precision EBSD mappings were acquired at CERN with

SEM (see section 2.3.3). The sample #4-1 was selected because it experienced the highest

temperature gradient (see figure 4.4) and reached the highest pressure (see figure 4.3). The

sample #9-1 was selected because it had the biggest holes in the neutron tomography (see

figure 4.4). EBSD mappings were performed on areas of ∼ 3.5 mm × ∼ 3.5 mm with a step

size of 1.5 µm. Mappings were acquired employing an accelerating voltage of 20 kV, aperture

diameter of 1.2 µm and a working distance of 16 mm. For the grain orientation mappings,

grain boundary threshold was fixed at 10◦ and the inverse pole figure respect to the z-direction.
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For the KAM mappings, the kernel radius was fixed at two pixels (one pixel being ∼ 0.6 µm).

For the rest of the samples, a smaller resolution was used, i.e. resulting in a bigger step size

and a smaller grid size. Table 4.3 summarized the used parameters (grid and step sizes) used

for each sample. LOM observations showed that the rods can be classified as in one of two

broad categories:

1. crown arrangement of the voids, and

2. voids located in the central part of the rods.

The next section 4.5.2 presents first the results for the two samples #4-1 and #9-1, which

highlight the best these two categories. LOM, EBSD and KAM profile images in the middle of

all cross sectional samples are presented. Then, by extension and for sake of completeness all

rods are presented and compared with each other.

Sample # Grid Step (µm)
2-1 400×400 1
3-2 360×300 0.5
4-1 1282×1000 0.3
5-2 400×400 1
6-1 400×400 0.5
7-1 400×400 1
7-4 593×444 1
8-1 400×573 0.5
9-1 1049×1056 0.3

Table 4.3 – Samples, grid and step sizes used for EBSD.

4.5.2 Experimental results

Figure 4.11 shows a SEM image in the vicinity of the external part of the crown for sample #4-2.

Voids of different sizes are present. It can be qualitatively noted the bigger the voids, the more

they tend to a spherical shape. Small voids present a "granular" and elongated aspect. An

image obtained with the AsB1 detector at the same location allows to distinguish the grains

of different crystal orientation by channeling contrast. The part of the rod located at the

external part of the crown (left part) presents a microstructure similar to the microstructure of

1In SEM, BSEs are released from a specimen when the latter is hit by the primary electron beam of the SEM
column. BSEs can be detected by diodes and generate an image. An AsB detector allows to detect high energetic
BSEs at large and very large angles, coming from the different scattering processes. The detector is integrated
into the pole piece of the column lens. It allows both contrast and topographic imaging. In contrast imaging,
BSEs can be differentiated in Rutherford (RBS) and Channeling (Mott scattered) BSEs. The different multiple
inelastic and single elastic scattering mechanisms correspond to composition contrast (Z-contrast, RBS mode)
and crystallographic contrast (channeling-contrast, MBS mode), respectively. This information can be used to
characterize crystalline samples and highlight recrystallization phenomena for example. See ref. [220] for more
details.
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unirradiated material (figure 3.27) with distorted and elongated grains. On the other hand,

at the right part of the crown towards the center, a more homogenized microstructure shape

of grains seems to be visible. This structure is more pronounced the more we move in the

direction of the center of the rod (right part of the picture). This homogenized region of the

rod corresponds to a recrystallization area of the rod. Figures 4.12 and 4.13 depict the obtained

LOM, EBSD and KAM mappings for rods #4 and #9.

(a) (b)

Figure 4.11 – a) SEM images of sample #4-2 in the external part of the crown (SE2 image). b) Same
image in AsB mode in order to see channeling contrast (crystal orientation).

For rod #4, voids are visible and are spread in the shape of a "crown" all around the center.

Voids seems to be relatively small and in large number. On the contrary, the rod #9 shows

larger area voids and more concentrated in the center.

EBSD was realized in the central part of the rods, as well as in external areas. The EBSD in

the central region of rod #4 shows a complete recrystallization of the grains with a beginning

of grain coarsening. The final grains are equiaxed with grain sizes varying from ∼ 10 µm up

to ∼ 100 µm for bigger grains, which seems to have maturated. In addition, it seems that

the presence of voids affect the recrystallization with the observation of smaller grains in

the vicinity of the holes. The EBSD realized in the external region of the crown shows no

recrystallization. The presence of bigger voids is noticeable together with what it seems the

original small distorted microstructure (compare with figure 3.27). As reminder, the process of

production implies cold working of the rods, which might result in deformed grain shapes.

For rod #9, beginning of partial recrystallization could be observed in the central part of

the rod. The recrystallization was not complete as for rod #9. Apparently, recrystallization

took place in priority at the locations of high concentration of grain boundaries (see black

arrows in figure 4.13). New equiaxed grains up to ∼ 10 µm long were formed from the original

microstructure. The external part of the region filled with holes does not show the presence

of recrystallization. It seems that the grain configuration has kept its original distorted grain

orientation due to the process of fabrication. No recrystallization has been put in evidence in

the vicinity of the voids.
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Chapter 4. The HiRadMat-42 experiment

Figure 4.12 – a) LOM of one cut of rod #4. Voids are visible and are spread in the shape of a "crown".
b) EBSD realized in the central region of the rod. The material showed a complete recrystallization.
c) EBSD realized in the outer region of the crown. No recrystallization was visible. d) KAM profile of the
center region.
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Figure 4.13 – a) LOM of one cut of rod #9. Voids are visible, bigger than the ones in rod #4 and localized
more in the center of the rod. b) EBSD realized in the central region of the rod. Recrystallization took
place partially in the most distorted region of the crystal structure (see black arrows). c) EBSD realized
in the outer region of the void area. No recrystallization was visible. d) KAM profile of the center region.
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The KAM mappings in the central region for rods #4 and #9 reveal that the newly formed grains

do not present any, or small, local misorientation, compared to the original microstructure

(see figure 4.12d and figure 4.13d, respectively). This is particularly visible for sample #9-1,

for which newly formed grains emerge from the original microstructure. For the sample #4-1,

the KAM mapping reveals that the grains in the direct vicinity of the formed voids have no, or

less, local misorientation compared with the rest of newly formed grains. This could be an

indication that a 2nd recrystallization took place at these locations.

Figure 4.14 shows the LOM of one representative cross sectional sample per rod, together with

the EBSD and KAM mappings 2 in the central part of the samples 3. The rod #1 is not depicted

because the latter did not show any sign of microstructure changes nor voids formation. The

samples can be clearly distinguished among the two already introduced categories, 1) "crown

arrangement of the voids" and 2) "voids located in the central part of the rods" as explained in

section 4.5.1. Rods #3 to #7 appear to belong to the 1st category, while rods rods #8 to #10 tend

to belong to the 2nd category. Based on the grain size observation on sample #2-1 in the central

part of the rod, it seems that no recrystallization took place in rod #2. Recrystallization seems

to start with rod #3 with the observation of equiaxed newly formed grains with sized from

∼ 10 µm up to ∼ 60 µm. Rod #4 seems to have faced the highest rate of recrystallization with

grain size from ∼ 10 µm up to ∼ 100 µm. Rods #5 to #7 have recrystallized as well, with a more

homogenized final microstructure of ∼ 50 µm equiaxed grains, in spite of some more bigger

grains, especially for rods #5 and #6. The recrystallization is less pronounced for rod #8 where

some equiaxed grains up to ∼ 20 µm long grew from the original distorted microstructure.

Finally, for rod #9, only few new equiaxed grain up to ∼ 10 µm long can be observed.

Note that these observations were realized in the central part of the rod. No recrystallization

took place at locations starting in the vicinity of the crown regions. It appears that when

recrystallization took place, the process was localized only in the central part of the rods.

Longitudinal observations could help in understanding the recrystallization process on the

HiRadMat-42 samples.

Figure 4.15 shows an LOM observation of the longitudinal cut (#7-1 from rod #7). The sample

has been etched after polishing in order to reveal its microstructure. It can be noticeable

that in the longitudinal direction, the original microstructure presents elongated grains. This

is particularly clear in the external part of the sample. In the central part of the sample,

voids are visible and are spread in the shape of a "crown". The observable crown, visible in

cross sectional direction, is distributed almost continuously along the longitudinal direction

following a straight line up to ∼ 1.5 mm from the end of the rod. However, the symmetry

2In addition, note that the KAM mappings were obtained with different parameters among samples (see
table 4.3). Even though the conclusions of the analyses do not change much, this change in parameters results in a
different color map for the KAM image. As already discussed in section 3.9.1, this can be explained by the much
small step size acquisition that allows for a much clearer resolution. The average KAM is more precise than for a
bigger steps where the average crystal deformation calculation is realized among a wider area, resulting in a higher
probability of finding a local misorientation.

3Two exceptions stand for sample 2, for which the KAM profile image is not available and for sample 10, for
which neither EBSD nor KAM profile images are available.
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of the crown is not always observable. This was also the case for the cross sectional sample

for rod #7 (see figure 4.14). In contrast to the cross sectional sample, for which a complete

recrystallization could be observed with newly formed ∼ 50 µm equiaxed grains, only a

partial recrystallized area can be observed in the central part of the rod. In spite of the

original elongated grains in the longitudinal direction, the new grains have equiaxed shape in

longitudinal direction as well and are ∼ 50 µm long. The KAM mapping confirms the contrast

between the recrystallized regions and the original distorted microstructure by the reduction

of the local misorientation for the newly formed grains.

4.6 Analysis of voids

4.6.1 Analysis of the distribution of voids

LOM images presented in section 4.5 have been processed with the Image Processing Toolbox of

Matlab [221]. The LOM images were imported, converted into binarized images and processed

with the Toolbox. The size of the voids, their positions, the number of voids, the sample’s area

could be processed in this way.

An example of an image treatment for the analysis of the voids distribution, their numbers

and areas is given in figure 4.16a for the sample #4-1. Based on the cross sectional areas,

it was possible to determine a void percentage for each rod. The percentage of voids was

determined taking the average areas of both samples for each rod. For example, for rod #4, the

void percentage was calculated as the average of the void percentage processed with samples

#4-1 and #4-2. For systematic comparison, and given that the swelling of the rod is different

for each rod as result of the experiment (see section 4.3), the total processed area of the voids

was related to the original area of the rods, i.e. cross sections of ∅8 mm. The result of the cross

sectional total porosity per rod is given in figure 4.16b.

The 2D cross sectional total porosity φ fluctuates from 0% (the first rod) to 4.12% in rod #9.

The first rod did not show any void formation. For the rods presenting voids (rods #2 to #10),

the global cross sectional total porosity is ∼ 2.5%±0.65 on average. The error is given at 2σ

of the STDEM (Standard Error of the Mean). The rods having voids spread in the shape of

a "crown" (rods #3 to #7) have a total cross sectional porosity between ∼ 1.3% and ∼ 2.4%.

The rods having their voids distributed more in their central parts (rods #2, #8, #9 and #10)

show a higher total cross sectional porosity between ∼ 3.2% and ∼ 4.1%, except rod #8, which

have a total cross sectional porosity of ∼ 2% and seems to represent an intermediate position

between the two extreme configurations.

Figure 4.16c depicts the total number of voids on average counted in the cross sectional areas

together with the average voids area for each cross section of each rods. It can been seen

that there is an inverse correlation between both data. The cross sectional areas of rods #3,

#4, #5 and #6 count the highest number of voids (up to 156 for rod #4) with relatively small

areas (∼ 0.07×105 µm2 on average). For rods #2, #9, and #10, there are only a few counted
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(a) Sample 3: LOM (b) Sample 3: EBSD (c) Sample 3: KAM profile

(d) Sample 4: LOM (e) Sample 4: EBSD (f ) Sample 4: KAM profile

(g) Sample 5: LOM (h) Sample 5: EBSD (i) Sample 5: KAM profile

(j) Sample 6: LOM (k) Sample 6: EBSD (l) Sample 6: KAM profile

Figure 4.14 – LOM, EBSD and KAM profile images in the middle of cross sectional samples for rods #3
((a)-(c)), #4 ((d)-(f)), #5 ((g)-(i)), and #6 ((j)-(l)). Here are the first figures of a continuous figure.
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(m) Sample 7: LOM (n) Sample 7: EBSD (o) Sample 7: KAM profile

(p) Sample 8: LOM (q) Sample 8: EBSD (r) Sample 8: KAM profile

(s) Sample 9: LOM (t) Sample 9: EBSD (u) Sample 9: KAM profile

(v) Sample 2: LOM (w) Sample 2: EBSD (x) Sample 10: LOM

Figure 4.14 – LOM, EBSD and KAM profile images in the middle of cross sectional samples for rods
#7 ((m)-(o)), #8 ((p)-(r)), #9 ((s)-(u)), #2 ((v)-(w), KAM profile not available), and #10 ((x), only LOM
available). Here are the last figures of a continuous figure.
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Figure 4.15 – a) LOM of one longitudinal cut of rod #7. Here as well voids are visible and are spread in
the shape of a "crown". A recrystallized area can be observed in the central part of the rod. b) EBSD
realized in the central region of the rod. The material showed a partial recrystallization. c) KAM
mapping of the central part.

voids (up to 21 for rod #10), which are relatively large in terms of area in cross sectional cuts

(up to ∼ 1.15×105 µm2 on average). These cross sections present also the highest scatter

in terms of mean voids area with a large error on them. The standard error of the mean is

depicted on the graph at 2σ (95% of all values). Finally, the analysis of rods #7 and #8 tends to

confirm the intermediate configuration of these two rods as it was previously observed for

rod #8 with the analysis of the cross sectional total porosity. The observed cross sections for

these two rods count a moderate number of voids (up to 51 for rod #7) with a relative small

area (∼ 0.25×105 µm2 for rod #8).

The areas of the voids with respect to their positions in the cross section images could be also

determined. More precisely, for each voids, it was possible to determine the positions of the

centroids in space, represented as the center of an equivalent circle with a given area. The

positions of the centroids were determined with respect to the center of the rod, given by a

radius ρ and an angular position θ in polar coordinates. It was possible to plot the areas of

each void with respect to its radial position from the longitudinal axis of the rod. The result

is a void distribution and the result is depicted in figure 4.16d for rods #2, #4 and #9 where a

semi-log picture was used for better clarity.

First of all, we can see that the majority of the voids are distributed within a radius range

of ∼ 2 mm. More precisely, for rods presenting a high number of voids (as it is depicted for

rod #4 in figure 4.16a), the majority of the voids are located in a crown between a radius rage

from 1 mm to 2 mm. It is also in between this range that the voids present the biggest area.

This can be observed especially for rod #4 that shows that the highest areas are located in

this range. However, this rod presents a high range of areas between 103 µm2 and 104 µm2

explaining the low scatter in data for the mean voids area presented in the previous paragraph.

For cross sectional samples of the rods presenting smaller amount of voids (rod #2 and #9),

we can see that the areas of the voids are spread all over the range, i.e. between 10 µm2 up
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(a) Image treatment of cut 4-1. (b) Percentage of voids per rod.

(c) Number of voids and average area. (d) Voids distribution

Figure 4.16 – a) Example of an image treatment to analyze the voids distribution, number and area.
b) A result of the analysis is the percentage of voids per rod. c) In the same graphic stands the total
number of voids per each rod and the average area. d) The void distribution is depicted for rod #2, #4
and #9.
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to 106 µm2. This is particularly noticeable for rod #9 where several values around 10 µm2

can be observed in spite of the majority of them being above 105 µm2. These observations

support the previous observation realized on graph 4.16c. The high error in mean void areas

observation is explained by the lower number of voids and the spread over a wider range of

areas. We can also see that for this type of rod presenting smaller fraction of voids, the voids

are more uniformly distributed over the radius from the origin of the rod (central part of the

rod) up to a maximum of 2 mm radius as well. At the other end of the scale, rods with high

amount of voids presented a smaller number of voids with small areas between 1 mm and to

2 mm in proportion of the total number of voids per rod. The distribution of the voids among

the rods has an impact on the local resulting porosity on the rods.

4.6.2 Analysis of the resulting porosity

Cross sectional porosity

The images of two dimensional cross sectional samples as depicted in figures 4.16a and 4.14

can be converted from a Cartesian to polar coordinate system. From this transformation, the

positions of the holes in a Cartesian coordinate system (x y) are transposed in a polar system

(ρθ). For each radius position ρ, it is then possible to calculate a 2D radial cross sectional

porosity φ over the entire angle θ range for all samples.

Figure 4.18 shows the 2D cross sectional porosity φ over the normalized radius position r /r0

(with r0 being the original radius of the target before irradiation, i.e. 4 mm) for samples #6-1

and #7-1, two examples of samples having a distribution of their voids in a shape of a crown.

For these kinds of rods (rods #3 to #7), a mean cross sectional porosity φ over the normalized

radius position r /r0 was calculated an average of all samples porosity (ten samples in total).

The result is depicted in figure 4.17a. Similarly, for the rods presenting voids distributed more

in their central parts (rods #2, #8, #9 and #10), two representative examples are depicted in

figure 4.19 with their porosity. A mean cross sectional porosity φ over the normalized radius

position r /r0 has also been calculated as an average of all samples porosity (9 samples in total).

The result is depicted in figure 4.17b.

Data are represented with their STDEM (given at 2σ). A Gaussian distribution allows for

finding the exact positions (start and end) of the peak porosity on the normalized radius r /r0

for this type of porosity. The porosity is concentrated between 25% and 50% of the total

radius and reaches a maximum mean peak value of ∼ 10±3%. In the case of the HiRadMat-42

experiment, the porosity was located between 1 mm to 2 mm (r0 = 4 mm), which is in line

with the observations realized in figure 4.16d. However, the calculation of the mean porosity

allows for showing that the latter is almost negligible for the first 25% of the radius, i.e. the

samples show few porosity in their central part, and beyond 50% of r0. This was not obvious

from the previous total voids distribution as cited above. Thus, the obtained average porosity

is taken between 25% and 50% of r0 as depicted as a block fit for the crown shape porosity.
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(a) (b)

Figure 4.17 – Mean cross sectional porosity φ over the normalized radius position r /r0 for samples
presenting a porosity in a shape of crown (a) and those which have holes concentrated in the center of
the rods (b). The data are represented with their STDEM (given at 2σ). A Gaussian fit help to find the
exact positions (start and end) of the peak porosity on the normalized radius r /r0. An average porosity
is depicted as a block fit for the crown shape porosity. Note that the scales of the y-axis of the graphs are
different.

(a) Sample #6-1

(b) Sample #7-1 (c) Cross sectional porosity

Figure 4.18 – (a) Binarized image of sample #6-1. (b) Binarized image of sample #7-1. (c) Cross sectional
porosity φ over the normalized radius position r /r0 for samples #6-1 and #7-1.
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(a) Sample #10-3

(b) Sample #9-2 (c) Cross sectional porosity

Figure 4.19 – (a) Binarized image of sample #10-3. (b) Binarized image of sample #9-2. (c) Cross
sectional porosity φ over the normalized radius position r /r0 for samples #10-3 and #9-2.

For the rods presenting voids distributed in their central parts, the porosity is distributed from

the origin of the rod to its mid radius (∼ 50%). The evaluation of the error presents a larger

scatter with this method compared with the crown distribution, especially when the radius

tends to 0. We can see that the STDEM (given at 2σ) varies from ∼ 20% up to ∼ 80%. This is

due to the fact that if a void stands right in the center of the sample, the porosity will be 100%,

while if there is no void, the porosity will be 0% (see figure 4.19). This discrepancy in porosity

leads to high scatter in the central part of the rod.

Longitudinal porosity

Figure 4.20 shows the longitudinal porosity φ over the normalized radius position r /r0 for

samples #7-3 and #7-4, two samples having a distribution of their voids in a shape of a crown.

Similarly, for the rods presenting voids distributed in their central parts, figure 4.21 depicts the

longitudinal porosity φ over the normalized radius position r /r0 for samples #8-3 and #8-4.

The measurement of the porosity was performed on the longitudinal direction considering half

of the sample. It means that for a total length of 16 mm per rod, the porosity was evaluated on

8 mm long piece as depicted in figures 4.20 and 4.21, with the assumption that the remaining

porosity of the second half of the rod follows a similar distribution. However, this assumption
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(a) Sample #7-3

(b) Sample #7-4 (c) Longitudinal porosity

Figure 4.20 – (a) Picture of sample #7-3. (b) Picture of sample #7-4. (c) Longitudinal porosity φ over the
normalized radius position r /r0 for samples #7-3 and #7-4.

is debatable since the temperature profile along the z-axis seems not to be symmetric within a

same rod (see figure 4.4).

The porosity distribution is not depicted from the center of the rod (r = 0 mm) to its edge

(r0 = 4 mm) as it was for the cross sectional observations, but from one edge to the other

one with the center origin of the axis in the middle of the rod. The porosity is given from

r0 =−4 mm to r0 = 4 mm, normalized on r and reported to the original dimensions of the rod.

For the rods presenting a crown-shaped porosity, the previous identified location of the

porosity between 25% and 50% is confirmed with the longitudinal porosity observations. For

this kind of resulting configuration, the central part of the rods presents a negligible porosity

in comparison with the resulting porosity in the location of the crown. We can see that the

symmetry of the crown is not respected. Thus, a sample can present a high porosity on one

side, while the other side presents sparse voids. For example, for sample #7-3, the maximum

porosity on the right side is ∼ 17%, while on left side, the porosity reaches a maximum of

∼ 35%. For sample #7-4, the porosity on the right side is almost without interruption from its

center up to ∼ 1.5 mm of the end of the rod. This leads to a maximum peak porosity of ∼ 47%,

while the left side presents a max peak porosity of ∼ 14.5%.

For samples presenting voids in their central parts, the porosity distribution is less evident

than for samples presenting crown-shaped voids. For example, for sample #8-3, the mean
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(a) Sample #8-3

(b) Sample #8-4 (c) Longitudinal porosity

Figure 4.21 – (a) Picture of sample #8-3. (b) Picture of sample #8-4. (c) Longitudinal porosity φ over
the normalized radius position r /r0 for samples #8-3 and #8-4. An average porosity for sample #8-4 is
depicted as a block fit.
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porosity is ∼ 10% and can reach a maximum peak porosity of ∼ 21.5%. The voids are located

between r ∼=−1.6 mm (r /r0
∼=−0.4) and r ∼= 1.2 mm (r /r0

∼= 0.3). For sample #8-4, the porosity

fluctuates from ∼ 7% to a maximum of ∼ 27.2% and the mean porosity stands at ∼ 13.7%. The

voids are located between r ∼= −1.6 mm (r /r0
∼= −0.4) and r ∼= 2.3 mm (r /r0

∼= 0.57). It has

already been mentioned that the rod #8 represents an intermediate position between the two

extreme configurations (voids in crown or central part) and it seems that the observation of

the longitudinal porosity tends to confirm this trend. Indeed, for sample #8-4, the porosity

tends to be concentrated in a crown shape as well, with a non-negligible percentage in the

central part.

Unfortunately, the number of samples cut in the longitudinal direction did not allow for the

execution of proper statistical analysis as had been done for cross sectional samples. This is

mainly due to the fact that, at the beginning of the sample preparation, longitudinal obser-

vations were not foreseen. It was decided later on in the project, with the first observations

realized on the cross sectional samples, to cut rods in the longitudinal direction. There were

very few rods remaining uncut, so we decided to cut one representative of each of the two

extreme configurations. In addition, not enough material was left in the ends of the rods

already cut for a proper observation in the longitudinal direction. Thus, the longitudinal

cut of rods already cut was not possible. Therefore, the reached conclusions realized on the

observations of the longitudinal samples can be considered as a general trend of the porosity

distribution in this direction. Maximum observed values can also show the maximum possible

damage that can occur in the rods in the worst-case scenario.

4.7 Measurement of residual stresses with XRD

4.7.1 Method and protocols

The method of measurement of residual stresses with XRD is presented in section2.4.2, while

the followed protocol is the same as the one presented in section 2.4.3 for tantalum. XRD

measurements have been performed on samples #4-1, #4-2, #9-1 and #9-2 and compared with

a reference sample. As considered in books and technical standards [222, 223], an error of

±20 MPa within the uncertainty limit of the technique has been retained for the residual stress

measurements.

4.7.2 Experimental results

XRD stress results for the reference sample (unirradiated), samples #4-1, #4-2, #9-1 and #9-2,

and their corresponding XRD microstrain results (root mean square value
〈
ε2

〉1/2
) are depicted

in figure 4.22.
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Figure 4.22 – ( a) XRD Stress results for the reference sample (unirradiated), samples #4-1, #4-2, #9-1
and #9-2. (b) Corresponding XRD microstrain results.

4.8 Indentation microhardness measurements

4.8.1 Introduction to the method and experimental procedure - protocols

As a reminder of section 4.1.4, the targets were exposed to different conditions from the center

axis to the rim. With the hypothesis that these conditions may have altered the structural

integrity of the components, some physical changes into the microstructure may be expected.

If these alterations take place, it is expected that the induced damage manifests itself as a

change in mechanical properties. One way of showing the expected changes in mechanical

properties is the use of indentation microhardness measurements.

A similar protocol as the one depicted in section 2.5 was followed. Due to the activation of

the rods, the tests had to be performed in a C-class laboratory. Therefore, the indentation

microhardness tests were performed at the PSI with an instrumented MTS Nanoindenter G200.

The test parameters are summarized in table 3.7. Samples were tested with the CSM method.

Sufficient high load was selected to avoid size effect [209] and issues with small indentation

depth [210].

A scan line consisted of several measurements starting at the center of the rods (r = 0 mm)

up to 1 mm from its rim (r = 3 mm). 11 measurements were realized considering a step size

of 300 nm. The pictures (a) and (b) in figure 4.23 depict the locations of the microhardness

measurements for samples #4-2 and #9-2. In addition to the scan line, 7 measurements every

100 nm were realized at the rim location (at 1 mm from the edge of the sample) and at the

center of the samples in order to have sufficient statistics.
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4.8.2 Experimental results

Figure 4.23 shows the indentation microhardness measurements in nanoindentation for the

samples #4-2 and #9-2 of the HiRadMat-42 experiment and for the unirradiated reference Ta

sample for comparison. Data of scan line measurements together with the rim and center

locations measurements are depicted on the same plot. A linear interpolation has been

calculated for the scan line.

For the reference sample, the 7 nanoindentations performed at the center and at the rim of the

rod resulted in hardness values of 2.48±0.24 GPa and 2.27±0.01 GPa, respectively. The error

is given by the standard deviation at 1σ. Hardness values up to almost ∼ 3 GPa were measured

in the vicinity of the center. After 1 mm in radius r then, a low decrease and a stabilization of

the hardness in the vicinity of the rim can be observed. From the data, we can conclude that

the unirradiated rod presents a higher hardness in the center of the rod compared to its rim.

For the irradiated samples #4-2 and #9-2, this trend is completely inverted in comparison to the

unirradiated sample. The microhardness is lower in the center for both samples and increases

towards the rim of the rods. A higher noticeable decrease in hardness can be observed for

sample #4-2 with respect to sample #9-2 in their center to reach almost the same values at the

rim. The hardness values at the center of the rod reach 1.73±0.05 GPa and 1.96±0.05 GPa

for samples #4-2 and #9-2, which represent a drop of ∼ 30% and ∼ 21%, respectively, in

comparison to the reference sample. The hardness increases then progressively for both

samples towards the rim direction to reach 2.11±0.08 GPa and 2.04±0.09 GPa for samples #4-2

and #9-2, respectively. The values are within the measurement errors. The reference sample

presents a slightly higher value of 2.27±0.1 GPa for the hardness at the rim, which is 10%

higher than the average hardness value of sample #9-2. However, after a radius r of 1.5 mm,

the latter presents several hardness values between 2.2 and 2.4 GPa. It can be concluded the

measured hardness values at rim differ of 10% at maximum among the samples, which is

much less noticeable in comparison with the hardness values measured at the center of the

rods.

157



Chapter 4. The HiRadMat-42 experiment

(a) Sample #4-2

(b) Sample #9-2 (c) Microhardness measurements

Figure 4.23 – Indentation microhardness measurements (c) in nanoindentation for samples #4-2
(a), and #9-2 (b) from the HRMT-42 experiment. A higher noticeable decrease in hardness can be
observable for sample #4-2 with respect to sample #9-2. The pictures (a) and (b) depicts the lines of
performed microhardness measurements. The measurements at r ≥ 2 mm are performed in an area
considered "unirradiated".
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5 PIE of one spent AD-target

5.1 The AD-target system and scope of the PIE

The AD-target was introduced in sections 1.1 and 1.2. Figure 1.3 presents an exploded view of

the current design of the AD-target and a schema of the water-cooled target with the coolant

circuit, the outer shell and the target core.

As mentioned in section 1.5, the main goal of the project was to retrieve an iridium core rod

(and optionally the Ti Gr5 window) inside one spent AD-target and to perform mechanical

and metallurgical characterization. This objective is addressed by performing micro- and

nano-indentation tests and metallographic investigations. However, in order to process these

activities, an AD-target containing an iridium core had to be first identified and confirmed as

an iridium target to be studied. A neutron radiography was performed to determine the states

of the core (if broken or intact). The expected reached dpa of the identified target and the gas

production were determined through the lifetime of the target. The target was then opened

and analyzed and the results were compared with those of the HiRadMat-27 experiment.

5.2 Review of target designs

The design of the AD-target developed during the 80’s presented several target core configura-

tions. Up to four of them were identified from the drawings of the targets: three iridium cores

55 mm long and a copper core 115 mm long. Figure 5.1 depicts the technical drawings of a

typical iridium target and a copper target. Several differences were noted between the two

designs.

First of all, two different external titanium shapes could be identified presenting some dif-

ferences in size, typically in the nose of the target. A first older design presented a conical

nose, while the more recent design of the housing presented a 45◦ nose. Most of the target

design with a conical nose contains an iridium core. However, some drawings were found in

the archives presenting copper core in conical nose housing and iridium in 45◦ nose housing.
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(a) (b)

Figure 5.1 – Technical drawings of (a) a typical iridium target and (b) copper target.

The two designs and contents could be exchanged and the external conical nose shape was

not a guarantee of finding iridium inside.

In addition, the copper core is much longer in comparison to iridium due to its lower nuclear

inelastic scattering length. The longer core is compensated inside the target by a shorter plug

at the bottom of the target without an aperture, while an iridium target would be closed with a

plug containing an aperture (see figures 5.1 and 5.2b).

For a target with a conical nose, the external dimensions of the target are approximately

160 mm long by ∅100 mm. The housing parts and the target core are made out of titanium

shells.

Several configurations of the iridium core embedded in a graphite matrix were developed in

the past; the list below indicates some of them:

• A ∅3 mm, 55 mm long iridium core;

• A ∅3 mm, 55 mm long iridium core cut into sub pieces 10 mm long;

• An Ir rod core embedded in a Ni cladding with final dimensions ∅3 mm by 55 mm

length.

5.3 Spent AD-targets stored at CERN

At CERN, up to three spent AD-targets were identified as potential candidates to be opened

for studies (see table 5.1). All three targets were stored in the C-ISR/6 shielded zone. The

main interest was focused on target P-1119, which had the advantage of having been removed

the last with a long enough cool-down period to be handled at CERN in remote handling

in a C-class laboratory. According to the radiation monitoring recordings in the AD-target

area, the target had been in service since the year 2000. The target was removed from the

production area in December 2008, due to a decrease in antiproton production efficiency. The
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efficiency decrease was probably due to a misalignment of the target assembly, but the target

was not reinstalled, and was declared as radioactive waste and stored. The target housing

shape presented a conical nose and from old drawings, it was known that this was the most

common design used with iridium core. However, some records mentioned that this target

was made out of copper (see table 5.1). Therefore, some additional operations were necessary

in order to confirm the presence of iridium in this target, notably an neutron radiography to

confirm the presence of iridium.

ISRAM Code Description Reception date Mass (kg) Storage
Dose rate

H∗ (mSv/h)
P-1119 Copper? 21.02.2013 10 C-ISR/6 shielded zone 5
P-1120 Copper 21.02.2013 60 C-ISR/6 shielded zone 5
P-828 Target 05.05.2009 2 C-ISR/6 shielded zone 350

Table 5.1 – Table of stored spent AD-target at CERN.

Since the object to be cut (mainly the target P-1119) was old and the historical documentation

related to this target was not found, it was impossible to clearly determine what was the

configuration of the iridium core for the specific target to be opened. Although evidence

indicates that the second configuration is the most probable one among the three iridium

ones (see section 5.2) and commonly used in the past, only the opening of the AD-target and

the inspection of its core would determine exactly the exact configuration of the iridium rod

among the three ones introduced here above.

5.4 Identification of the target to be opened

The target P-1119 was removed from the C-ISR/6 shielded zone and displaced in the bunker

zone of the CERN’s EN-STI (Engineering Department - Sources Targets and Interactions)

group at CERN, which is classified as a C-Class laboratory. This allowed for manipulations

on the target in order to remove the unnecessary parts and to keep only the Ti-alloy housing

of the target. Residual dose rate measurements were showing values of 7.7 mSv/h at contact

for the titanium alloy body at the nose of the target, 1.3 mSv/h at 10 cm and 120 µSv/h at

40 cm. Therefore, remote handling of the target was necessary. Handling took place with the

Teodor robot, which disassembled the parts around the housing to access the target. The

target presented an aperture at the back of it, strengthening the idea that the target contained

an iridium core (see figure 5.2).

5.5 Neutron Imaging of the spent AD-target at the n_TOF facility of

CERN

X-rays are attenuated in relation to the material’s density. Denser materials will stop more

X-rays. With neutrons, a material’s likelihood of attenuation of neutrons is not related to its
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(a) (b)

Figure 5.2 – (a) In a C-class laboratory (bunker) at CERN, remote handling with the Teodor robot in
order to identify the target to be opened. (b) The picture shows the ongoing target disassembly of
the target. The target presented an aperture at the back of it, strengthening the idea that the target
contained an iridium core (see section 5.2).

density. The dense materials present in the AD-target stop the X-ray. That is the reason why

neutron imaging is much more appropriate with the AD-target.

At CERN at the n_TOF facility experimental area 2, a neutron radiography testing station

has been developed exploiting the shortest distance to the neutron producing-target. The

identified target to be opened (target P-1119) was radiographed in this test facility in order to

inspect the internal parts of the target, especially the iridium core.

In this case, an average thermal neutrons of 6.5×109/cm2 was accumulated for 2h40 per

radiography in order to reach the desired contrast. Up to six radiographies had to be taken

due to the limited neutron spot size of ∅9 cm. Details of the station and radiography are given

in ref [224].

A neutron-radiography of the AD-target of interest showing clearly the inner structures is

shown in figure 5.3. The target core is clearly visible with a higher contrast revealing a 55 mm

long core, confirming the presence of iridium. It is worth highlighting that the radiography

showed a non-uniformity of the core edges, possibly indicating some damage of the internal

core. On the other hand, a radiography on a unirradiated target showed straight lines (see

ref. [224]).

5.6 FLUKA calculations

5.6.1 Radioactive inventory of the P-1119 AD-target

The radionuclide inventory was determined by means of FLUKA [55] Monte Carlo simulations

and compared to dose rate measurements in order to assess the radiological risk during the

handling and opening of an irradiated AD-target for material studies [225]. The approximate

number of pot per year at the AD was estimated at 2 ·1018 at a momentum of 26 GeV/c. This

matches approximately with an average of 1 ·1013 protons per extraction, 40 extractions per
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(a) (b)

Figure 5.3 – (a) Neutron imaging of one unirradiated AD-target. (b) Neutron imaging of the spent
AD-target of interest. The target core is visible with a higher contrast revealing a 55 mm long core,
confirming the presence of iridium. Non-uniformity of the inner core are clearly visible on the right
panel, highlighting probable internal damage (the radiography on a unirradiated target shows straight
lines) [224].

hour and 240 days of operation. Therefore, the total number of pot for 8 years of operation

since 2000 until 2008 (there was no beam operation in 2005) is estimated to 1.6 ·1019.

The radioactive inventory was calculated for a decay time of 10 years (Reference date: De-

cember 2018) using the ActiWiz3 [226] code for the buildup and decay from the determined

isotope yields. A complete list of all isotopes produced during the irradiation can be found

in ref [225]. However, table 5.2 gives the values as multiples of the limits LA1 from the Swiss

radiation protection ordinance (2018) [227]. We can see that the isotope Gd-148 was produced

in high quantity in iridium and H-3 in graphite. Isotope Gd-148 is volatile α-emitter. At the

level they were produced at, both required the use of a A-class laboratory to handle the target.

Sum and fraction of total LA1 value

Isotope
Half-life

(sec)
Iridium Graphite Container (Ti/Al) Total

LA (Total) 1.02E+05 1.41E+01 3.03E+02 1.03E+05
Gd-148 2.35E+09 1.02E+05 100% 1.02E+05
H-3 3.89E+08 8.86E+01 0% 1.41E+01 100% 1.15E+01 4% 1.14E+02
Ti-44 1.89E+09 1.77E+00 0% 2.78E+02 92% 2.79E+02
Si-32 4.17E+09 1.85E+01 0% 9.29E+00 3% 2.78E+01
Na-22 8.21E+07 2.43E-01 0% 2.50E+00 1% 2.74E+00
1The LA value refers to the Swiss radiation protection ordinance [227].

Table 5.2 – The total LA1 value and the contributions from individual isotopes, given for the AD-target
components [225].

1The LA is defined by the Swiss regulation in radiation protection [189] and represents a maximum activity
for each radioisotope, above which, every manipulation of radioactive materials requires special measures. See
section 2.5.5 to understand what it refers to.
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5.6.2 Dpa calculation

Dpa calculation was performed with FLUKA Monte-Carlo code: the maximum average dpa

was estimated to be 5.7 for iridium (integrated value assuming a total representative pot

of 1.6 ·1019) and assuming beam impact always in the same position. The peak dpa is expected

to be located ∼ 1 cm from the entrance along the axis of the iridium rod. It reaches a value of

∼ 6.5 and drops to ∼ 4.5 at the end of the rod. Figure 5.4 shows the dpa profile in the rod in the

longitudinal and radials directions. Gas production profile (hydrogen and helium mainly) are

presented in appendix L.16. Ideally, a sample to be extract for analysis would be located in the

highest dpa zone. All relevant information (dpa and gas production) for every material of the

AD-target are summarized in table 5.3.

(a) (b)

Figure 5.4 – (a) FLUKA Monte Carlo calculation of the dpa inside the AD-target. dpa profile along the
rod and along the transverse direction (view of half cut of the target along the axis). The beam direction
is from the left to the right side of the graphic. (b) Plot of the max reached dpa along the longitudinal
direction of the target rod (images by the courtesy of J. Canhoto).

Material dpa (average) H appm He appm
Ir 5.7 4300 3180
Graphite 0.05 83 114
Ti6Al4V 0.28 406 438
Al. 1.53 1516 1163

Table 5.3 – dpa, hydrogen and helium productions in the AD-target with 1.6 ·1019 pot.

5.7 Opening of the AD-target at Framatome GmbH

5.7.1 Reception of the target at Framatome GmbH and preliminary dose mea-
surements

The target was transported from CERN to the hot-cell laboratory of Framatome GmbH. The

container with the target was received on 10th October 2018. A swab test of the outer surface
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of the AD-target showed β-activity of approx. 4.6 Bq/cm2 and no α-activity was measured.

Maximum dose rate at contact was 5 mSv/h. The measured dose rates and the expected

radionuclide inventory of the iridium core required further handling inside the hot cells.

5.7.2 List of used equipment

The list of equipment that was used at Framatome GmbH to open the AD-target and perform

the analysis on the sample is summarized in table 5.4.

Equipment type Manufacturer / Model
Electric Discharge
Machine

Mitsubishi

Video camera Custom-built model
Photo Camera Nikon / D200
Microscope for
overview pictures

Sony / DXC S500

Light optical
microscope

ZEISS / AxioTron

Hardness tester EmcoTest / DuraScan 20

Nanoindenter
Zwick Roell / ZHN

Universal Nanomechanical Testing System

SEM 1
Tescan / Vega

EDXS: Oxford Instruments / X-Max 20

SEM 2
ZEISS / Neon 40 EsB

EDXS: Oxford Instruments / INCA Penta FETx3
EBSD: HKL Technology / Nordlys II / Channel 5

Table 5.4 – List of used equipment at Framatome GmbH.

5.7.3 Disassembly of the AD-target

The goal was to retrieve the AD-target core components, i.e. the Ir-core and the graphite parts

without damaging them. The titanium windows had also to be separated from the AD-target

for further examinations. Furthermore, the release of tritium gas had to be monitored and

quantified due to existing authority regulations with respect to the emission in the air and in

the waste water.

The different parts of the AD-target to be cut are summarized in figure 5.5. In order to retrieve

the internals, four cutting operations were needed:

1. The first cut was performed by EDM, i.e. submerged in the water, in the way that both

the outer and inner Ti-shells were cut through to ensure the release 3H and to ensure

the separation of the inner Ti-shell from the outer Ti-shell (see figure 5.6).

165



Chapter 5. PIE of one spent AD-target

2. The second cut was performed by EDM and was aimed to separate the 2nd Ti-window

from the rest of the target. Thereby a length of approx. 12 mm was cut out (see fig-

ure M.17 in appendix M).

3. The third cut was performed by EDM. The aim was, on the one hand, to separate the 1st

Ti-window from the inner Ti-shell and, on the other hand, to access the internals from

the side opposed to the plug (see figure M.18 in appendix M).

4. The forth cut was performed by EDM. The aim was to further separate the graphite

internals from the inner Ti-shell. Therefore, 2 cuts were performed in order to cut the

inner Ti-shell in two half shells and machine simultaneously longitudinal notches in the

graphite internals (see figure 5.7). The definition of the parts for the rest of the analysis

are defined in this figure.

Figure 5.5 – Definition of the different parts of the AD-target to be cut [228].

After the first cut of the inner Ti-shell, the Ti-plug could be easily pulled out. The visible

graphite surface showed an intact appearance. No cracks were observed. The graphite parts

did not move or slip out when tilting the inner T-shell from the horizontal to vertical orienta-

tion.

During the first cut, the release of the 3H in water and in air was monitored. The release in

water was controlled also during the subsequent cuts. A setup with a sealed plastic cover on

the top of the EDM machine was used for the assessment of the released 3H. As a result the

estimated 3H activity was 1.5 ·104 Bq in air and 6 ·108 Bq in the EDM water tank (after all cuts).

The measured activities therefore did not exceed the daily limits for the 3H release.
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Figure 5.6 – (a) Cutting line for the first cut. (b) View of the outer and inner Ti-shell after first cut. (c)
View after separation of the inner Ti-shell from the outer shell. (d) View after separation of the Ti-plug
from the inner Ti-shell.

After the 3rd cut, an attempt was made to pull out the internals, firstly in the horizontal

orientation. The attempt was not successful. The shell was thereafter oriented vertically to

enable application of greater force. Even after application of greater force (a standard hot cell

manipulator with a 1:1 force transmission was used so the applied force was limited to the

force which could be hand-applied by operators hand), the internals did not move either.

After the 4th cut, the Ti-shell could be easily separated, while all the graphite internals were

stuck inside of one of the half shells. Due to the arrangement and type of the graphite parts, it

could be confirmed that the AD-target under investigation was manufactured and assembled

according to 2nd configuration presented in section 5.2 (a 55 mm by ∅3 mm iridium core cut

in sub pieces 10 mm long).

5.8 Examination of the graphite internals and the iridium core

5.8.1 Examination of the graphite outer surfaces

The graphite matrix, parts 4, 6 and 7, were visually inspected and documented by acquisition

of optical images. The declaration of the graphite and iridium parts is given in figure 5.7. The

dimensions of the graphite internals matched well with the technical drawing corresponding

to this core configuration.
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Figure 5.7 – Result of the of the fourth cut, separation of the inner Ti-shell.
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The graphite parts could be removed from the Ti shell without applying considerable force. So

the graphite was firmly pressed inside the Ti shell but did not adhere to the inner surface of

the Ti shell.

The outer surfaces of the graphite showed a shiny appearance in contrast with circumferential

oriented matte areas. No cracking was observed on the outer surfaces.

The end faces of the graphite parts presented the following features:

• part 4

– face A (adjacent to the part 6)

* At the surface A, the iridium core (part 1.1) and the graphite tube (part 5) are

visible, (see figure 5.8a). The graphite tube shows at least 5 radially oriented

nearly equidistantly distributed notches that are correlated with the crack

appearance at the part’s 6 face A. It is not clear whether the notches propagate

as cracks inside the part 6 volume. The iridium core surface at face A does

not seem to be at the same level with the part’s 4 face A and is located slightly

deeper, whereas, as described later, at the counter part (part 6) the iridium

core stands out.

• part 6

– face A (adjacent to the part 4)

* Face A shows also at least 5 radially oriented cracks, the cracks seem to be

nearly equidistant (with respect to the angular distribution) and have initiated

at the iridium core. According to the visual appearance the cracks stop before

reaching the outer surface of the graphite cylinder (see figure 5.8 a). The

iridium core is visible and has a metallic bright appearance; the surface is

not at the same level with the graphite cylinder end face; the surface shows a

roughened grainy appearance and cracks. The side view of the part 6 before

and after break-up into half-shells shows that the iridium core stands out

from face A plane. Furthermore, the iridium core in contact with the graphite

in the area of the cracks no longer presents a round shaped appearance but

seemingly an expansion inside the crack channels.

– face B (adjacent to the part 7)

* Face B shows no detectable cracks, the visible iridium core shows a dark

appearance that could be explained by the direct contact with the graphite

plug surface (face B of part 7) and therefore material transfer/contamination

of the iridium surface with graphite (see figure 5.8b). In the side view after

break-up of the part into half-shells, it is also visible that here, as on the face

A,the iridium core stands out of the face B plane.

• part 7
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– face B (adjacent to the part 6)

* Face B shows no detectable cracks; only in the center an indent is present

which correlates with the appearance and location of the outstanding iridium

core at the part 6, (see figure 5.8d).

Figure 5.8 – Visual appareance of the graphite parts before exposure.

5.8.2 Examination of the graphite inner surfaces

Part 6 was chosen for further examination since at the location of the part 1.5 and 1.3 the

maximum dpa and temperature were expected according to the FLUKA simulations. The part

was fractured into two half shells by placing the part on a V-block and inserting a wedge into

one of the longitudinal notches previously machined by EDM. This led to a separation of the

graphite into two half shells (see figure 5.9a).

Thus, the state of the iridium core and the graphite inner surface was accessible for examina-

tion and showed the following characteristics:

• Iridium core parts

– The single iridium core parts are no longer distinguishable, whereas according to

the assembly design, five parts should be present (see figure 5.7f).
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– The fractured iridium core part at the previous location of the part 1.2 shows

multiple cracking and spalling/detachment of particles (see figure 5.11). The bigger

cracks are transversely oriented. The smaller cracks are apparently randomly

oriented. The fracture surface in general shows an irregular grainy metallic bright

appearance.

• General appearance of the half shells

– Following the fracture of the graphite (part 6), the iridium core also fractured. For

instance at the location of the part 1.2, a longitudinal crack caused a separation in

the way that a half of the part remained in the half shell 1 and the other half in the

half shell 2 (see sketch in figure 5.9b and 5.9c).

– Due to fracture several smaller fragments were distributed around the fracture

surface (see figure 5.9a).

• Graphite inner surface

– The inner surface of the graphite does not exhibit a cylindrical shape anymore (see

figure 5.10). In general the surface appears shiny, shallow mainly round shaped

indents are visible. The inner surface shows residues of iridium fragments and

agglomerates of fine graphite particles.

The appearance of the graphite parts and the iridium core on the basis of the visual examina-

tion suggest the following observations and preliminary conclusions:

• The single iridium parts are no longer either distinguishable or separated; this indicates

that joining (through melting or sintering) took place. It could be therefore supposed

that during the operation of the AD-target the graphite internals and the iridium core

were subjected to elevated pressure and elevated temperatures probably exceeding the

melting temperature of iridium.

• The acting internal pressure obviously caused a plastic deformation of initially cylin-

drically shaped graphite inner surface (borehole). Along the whole inner surface, a

general shape change is present as well as distinct areas with local indentations. This

geometry change without obviously visible cracking (at the inner surface) is supposed

to take place at elevated temperatures above 2500 ◦C where the strength of the graphite

is altered [229, 230].

• The face B of the part 7 shows also an indent, whereas no cracking was revealed. This

fact also supports the assumption that plastic deformation of the graphite took place

due to elevated temperatures and pressure.

• The face A of the parts 4 and 6 indicate cracks, thereby the iridium seems to penetrate

inside the areas of the crack initiation, i.e. at the interface iridium/graphite. This
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(a)

(b)

(c)

Figure 5.9 – Appearance of the iridium core after exposure of the graphite part 6: (a) Part 6 half shells
after fracture inside the V-block, half shell 2 is located on the top of the half shell 1, several iridium
fragments are visible. (b) Half shell 1 after exposure, most of the Ir parts remain in this half shell. (c)
Half shell 2, only a halve of the part 1.2 remains in this half shell.
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Figure 5.10 – Appearance of the graphite inner surface at location of part 1.3.

Figure 5.11 – Appearance of the iridium core at the location of the part 1.2.
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indicates a plastic flow of the iridium, which is enhanced by the high temperatures.

At 1600 ◦C, the tensile strength of iridium drops to less than 100 MPa [68].

• The local indents on the graphite inner surface, which are present over the whole part 6

length (see figure 5.10), could be linked to a localized temperature and pressure rise of

iridium.

• The global cracked and grainy appearance of the iridium core could be explained by

local interchanged heat up to liquidus temperature (or nearly liquidus temperatures)

and subsequent quenching.

5.8.3 Assessment of the iridium core state with respect to further examinations
and necessary radiation protection measures

The previously described activities were performed in hot cells. The state of the iridium

core, showing a brittle nature with a high amount of loosely attached particles, considerably

elevated the risk of cross contamination during handling outside the hot cells. Furthermore,

the brittle and fragmented nature also limited essentially the manipulation of the iridium core

fragments by the hot cell manipulators, for example in case of placement of the fragments in

the cutting machines maintaining a desired orientation, mechanical fixation etc. Therefore

the initially foreseen activities like e.g. cut from a defined iridium core part, embedding in a

conductive mount resin, metallographic preparation of a transverse microsection and further

examinations on defined radial locations were no longer feasible.

In order to determine the maximal allowable quantity of irradiated and activated iridium mate-

rial which could be handled outside the hot cell considering an acceptable incorporation risk,

an assessment was made to perform a quantification of the real radionuclide activity. Thereby,

the focus was set on the Gd-148 activity since it has the highest contribution to the dose rate

(99.9 % with respect to the complete radionuclide inventory) in case of incorporation. For the

determination of the Gd-148 activity, several chemical digestion2 as well as melting digestion

experiments were conducted on irradiated as well as on unirradiated iridium fragments in

order to allow α-spectrometry measurements. Despite the application of multiple of digestion

approaches, it was not possible to properly and homogeneously digest the irradiated iridium

material. Only a total of around 5 mg were successfully digested. Furthermore, it was observed

that the measurements of elements performed on the different iridium sample fragments

did not give identical results. This suggests that a certain inhomogeneity along the original

iridium core is present. As a result of the digestion experiments only a potential upper limit of

the Gd-148 activity was estimated with a value of 1.0E+08 Bq/g. Given an allowable handling

activity outside the hot cells with 1.0E+07 Bq the limited handling quantity of the irradiated

iridium core accounted to 100 mg.

2Wet digestion methods for elemental analysis involve the chemical degradation of sample matrices in solution,
usually with a combination of acids to increase solubility [231].
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In addition, a further examination of the geometry of the graphite inner surface by e.g.

3D scanning was not feasible because of radiation protection issues and high risk of cross-

contamination of the 3D equipment with α-radionuclides.

The iridium core was characterized on an example of fragments taken from the part 1.3/1.2

location by a fractographic examination in SEM, a metallographic microsection, as well as

nanoindentation and subsequent examination of the microsection subjected to nanoindenta-

tion in the SEM.

5.9 Examination of an iridium fragment in the SEM

For the execution of the SEM examination of the iridium core a particle was extracted from

the position of the part 1.2/1.3. The extraction was performed as follows:

• The graphite part 6 half shell 2 with iridium core residues at the position of the 1.2/1.3

was hold with a manipulator arm.

• A sharp steel tip was used to initially slightly touch and scratch the iridium. No spalling,

detachment of particles was observed (see figure 5.12a, screenshot of a video showing

the extraction process [232]).

• Greater force was applied in a bulged area of the iridium, also without visible effect.

• Moderate to small force was applied at a depression (already present crack/small bond-

ing between sub-fragments) in the iridium at different location leading to splitting of a

bigger area, several millimeters in length (see figure 5.12b).

One of the split fragments was placed on a SEM sample stub covered with a carbon tape; the

fragment thereby was pressed onto tape to ensure firm bonding. The fragment subsequently

was transferred from the hot cells inside a SEM and documented. Figure 5.13 shows the SEM

pictures of the iridium fragment and its details.

The extracted fragment revealed a size of approximately 2×2 mm (see figure 5.13a). The

surface exhibits mostly a grainy structure with intergranular cracks (see figure 5.13b). At

higher magnifications, the surface fractures show slightly different appearances. Intergranular

facets with an irregular facet shape with secondary cracks and separations are observed on

figure 5.13c. On figure 5.13d at the left top corner location, smooth flattened surfaces without

distinct fracture characteristics can be appreciated, while the front surface shows feathery

supposedly intergranular facets with elongated "spike-like" characteristics. The estimated

characteristic grain size is ≤ 100 µm, which here, a grain is defined as the material bodies

separated by cracks. The latter do not necessarily correspond to the crystallographic grain.

In general, it could be summarized that the macroscopic behavior as well as the microscopic

fracture surface appearance indicate a brittle behavior of the material in the present state. The
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(a) (b)

Figure 5.12 – Extraction of an iridium fragment: (a) Scratching of the iridium core part with a steel tip.
(b) Result of splitting of the iridium core part into several fragments.

comparatively low force needed to be applied for splitting the iridium core part indicates that

only a very week bonding between larger single iridium fragments as well as between single

grains is present. The fracture mode is intergranular but not comparable with the expected

fracture modes from recrystallized or hot drawn pure iridium [68].

5.10 Nanoindentation examination

5.10.1 Calibration of the ZHN Universal Nanomechanical Testing System

The nanoindentation test campaign (measurement of microhardness and E modulus) was

performed with a ZHN Universal Nanomechanical Testing System (see table 5.4). Prior to the

tests, a calibration of the instrument was carried out in order to determine the area function

and instrument stiffness [233]. To determine the area function, measurements with fused

silica were executed, while the instrument stiffness was determined with measurements on

sapphire.

5.10.2 Introduction

To determine the mechanical properties of the iridium core material of the AD-target, nanoin-

dentation measurements (according to [182]) on a part of the irradiated iridium from the

AD-target core were performed at the hot-cell-laboratory at Framatome GmbH. For these mea-

surements, an iridium fragment was extracted from the half shell 2, located at the part 1.2/1.3.

The approx. 1×1.22 mm-sized iridium sample was embedded in resin. Due to the unknown

real size of the Ir sample embedded in the matrix, further investigations to obtain the in-
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(a) (b)

(c) (d)

Figure 5.13 – SEM pictures of the iridium fragment: (a) Overview of the iridium fragment. (b) Grainy
fracture surface with intergranular facets. (c) Fracture characteristics at a triple junction. (d) Fracture
surface with a smooth appearance (top left corner) and feathery appearance.
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fluence of the fixation of the fragment on the nanoindentation results were performed. No

microhardness measurements of the irradiated iridium were possible due to the high risk of

particle/fragment detachment during measurements.

5.10.3 Examinations on unirradiated iridium

Elaboration of iridium etching procedure and microhardness measurements

The unirradiated iridium was prepared according to the procedure described in section 2.6.

The obtained microstructure showed a helical elongation of the grains, as described in sec-

tion 3.8.3. Finally, microhardness measurements are presented in section 3.8.3 as well.

Investigations on embedded and non-embedded unirradiated Ir

In order to study the influence of the microsection fixation on the results of nanoindentation,

two series of measurement were performed on a cross sectional microsection of an unirradi-

ated Ir sample provided by CERN to Framatome GmbH. The same microsection (and so the

same surface preparation) was used to perform nanoindentation-measurements in embedded

state and in non-embedded state (after extracting the microsection from the mount-resin).

Sample preparation

The unirradiated iridium sample was split in half. One half was used for digestion experiments

and the other half for nanoindentation examination. The sample was embedded and prepared

as follows:

• Mounted in EPO-TEC® 301

• Grinding with grit papers (P500, P1200 and P2400)

• Polishing with diamond suspension (6 µm and 3 µm)

• Final polishing with colloidal silica suspension (0.04 µm)

Measurement positions

The nanoindentation-measurement area at the semicircular unirradiated iridium sample is

located in the lower half in the embedded state and in the upper half in the non-embedded

state (after extracting the microsection from the mount-resin). A radial measurement line in

the embedded state were performed additionally in order to determine hardness and modulus

differences within the microsection (see figure N.19 in appendix N).
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The three matrices including respectively 16 (4×4) measurement points with loads of 50 mN,

100 mN and 500 mN are located in comparable positions with regard to the plane perpendicu-

lar to the cutting plane, on each side.

Measurement parameters

The measurement parameters for the quasistatic nanoindentation-measurements for each

load stage (50 mN, 100 mN and 500 mN) are summarized in table 5.5. For the calculation of

the elastic modulus a sample Poisson’s ratio of 0.3 was assumed (see section 2.5.3).

Parameters Unit Unirradiated Ir
Indenter type Berkovich diamond
Loading type Linear, load control
Maximum load (mN) 50, 100, 500
Pause at max load (s) 15
Loading rate (mN/min) 100
Unloading rate (mN/min) 100

Table 5.5 – Test parameters for the unirradiated iridium test campaign at Framatome GmbH.

Results of the nanoindentation measurements

The results of the indentation hardness (HI T ) for the unirradiated Ir (embedded and non-

embedded state) for the loads 50 mN, 100 mN and 500 mN are displayed in figure 5.14.

The E I T mean values present slightly higher values at 100 mN load while these values are

within the standard deviation range of all load stages (see figure 5.15).

The HI T mean value of the microsection in embedded state revealed a difference of ap-

prox. 1.17 GPa between a 50 mN load and a 500 mN load. As expected, a steady decrease of

the HI T values is observed with increasing loads. The HI T difference between the embedded

and non-embedded state is within the standard deviation range for all applied loads. Based

on the fact, that the HI T mean values of the non-embedded state are at each load stage below

the HI T mean values of the embedded state, a systematic hardness offset within the standard

deviation range can be observed.

To verify the measurement results at higher loads, an additional nanoindentation measure-

ment (test 2) with 500 mN load at non-embedded state was performed next to the first test

(see figure N.20 in appendix N). This result showed values in the same magnitude compared

to the first measurement. Nevertheless, the HI T mean value of the nanoindentation measure-

ment test 2 at non-embedded state is higher than the HI T mean value of the embedded state

at 500 mN load. This difference in the HI T values could be a result of the observed differences

in hardness between the center and the periphery area (see section 3.11) for the iridium rod.
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Figure 5.14 – Indentation hardness (mean values) of the unirradiated iridium sample.

Figure 5.15 – E modulus (mean values) obtained by nanoindentation of the unirradiated iridium
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As a result, the comparison between the embedded and non-embedded state shows that there

is only a minor difference, within the measurements standard deviation, for HI T and E I T

values, i.e. the influence of the mount resin on the measurement results could be neglected, at

least in case of the used sample thickness.

The radial located measurement line with a load of 100 mN in the embedded state revealed

a light increase of the indentation-hardness values HI T (see figure 5.16). The range of the

indentation-hardness values lies between 5.76 GPa and 7.08 GPa. The center area of the

Ir-sample (next to the cutting edge) revealed lower indentation hardness values than the

periphery. The higher indentation hardness values at the area of the periphery are probably

caused by the manufacturing process (hot drawing) of the iridium-wire which probably

has led to a higher work hardening in the periphery area. Hardness measurements HV0.1

performed at the etched unirradiated microsection confirm this tendency (see section 3.11.1).

The periphery area revealed hardness-values of 504 HV0.1 and 507 HV0.1. The center area

revealed a hardness value of 452 HV1 and a microhardness value of 450 HV0.1. Within the

radial oriented measurement line an indentation modulus from 484 GPa up to 798 GPa was

determined. Considering the 798 GPa value as an outlier, a mean value would result in 559 GPa

and it could be shown that there is no dependence of the E I T value from the measurement

location on the sample.

Figure 5.16 – Indentation hardness and E modulus line of the unirradiated iridium (embedded state).
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5.10.4 Investigations on irradiated iridium from the AD-target core

The irradiated iridium fragment from the AD-target core from half shell 2, located on part

1.2/1.3 was used to perform nanoindentation. The irradiated iridium fragment was embedded

in resin for further examinations. In addition to the nanoindentation measurements on the

irradiated iridium, metallographic examinations were performed.

Sample description

Figure 5.17 shows the metallography of the irradiated iridium fragment embedded in the resin.

The size of the sample is approx. 1×1.22 mm. Due to the preparation (grinding and polishing)

the depth of the embedded sample is presumably less than 500 µm.

Figure 5.17 – Microsection of irradiated iridium fragment from the AD-target core.

Sample preparation

The irradiated sample has been embedded and prepared as follows:

• Mounted in EPO-TEC® 301

• Grinding with grit papers (P320, P500, P800, P1200, P2400 and P4000)

• Polishing with colloidal silica suspension (0.04 µm)

• Verification of the surface condition with images

• Re-grinding with grit paper (P2400)
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• Polishing with diamond suspension (3 µm and 1µm)

• Final polishing with colloidal silica suspension (0.04 µm)

Metallographic investigation

The surface of the metallographic sample shows several macroscopic cracks and holes (see

figure 5.18a). Some cracks run through the entire fragment and some cracks are part of a

larger network with an intergranular appearance. Higher magnifications show the location

of the crack paths and holes at the microsection plane (see figure 5.18b). Position 1, 2 and 4,

which are located at the edge area of the irradiated iridium-microsection show pronounced

cracks with an intergranular trend and a granular shaped structure. The single "grain-like"

structure at pos. 1, 2 and 4 are separated by cracks and revealed a round shaped structure

with a non-uniform size of the grain like appearance. The material separations show irreg-

ular gap widths. Within the grains angular shaped pores can be observed. It is not clear

whether the gaps with irregular width and the angular shape of the pores are the result of

the metallographic preparation or were present before. Considering the appearance of the

fragment surface analyzed in the SEM, for instances multiple separations visible at the grain

boundaries, it can be supposed that separations were already present in the volume of the

grains and the metallographic preparations caused additional erosion at these areas. The

erosion subsequently led to the observed features.

The structure within the particular grains seems to be inhomogeneous (see figure 5.18d). Here

bright areas with low porosity along with darker gray areas, exhibiting a higher porosity, are

present.

Position 3, which is located at the center area of the microsection shows less pronounced

cracks and holes (see figure 5.18c). At this position no granular shaped structure can be

identified. The observed long cracks show also (like pos. 1, 2 and 4) irregular gap widths. The

pos. 3 shows certain porosity with angular pores. Exemplary measurements at both areas

revealed pore sizes of approx. 22 - 33 µm at pos. 2 (edge area) and approx. 15 – 22 µm at pos. 3

(center area). No pronounced structure inhomogeneity, as revealed within the grains at pos. 1,

2 and 4 could be observed. An evaluation of the microporosity is given in section 5.10.5.

Measurement positions

To set the location of the three matrices including respectively 16 (4×4) measurement points at

the irradiated iridium-microsection, test fields (1 - 6) were defined with the intention to have

as few cracks and pores as possible within these areas. At the basis of the indentation depth

the space between two indentations was calculated. To ensure that no single indentation

is affected by the neighboring indentation, the distance between two indentations is twice

the radius of the elastic zone around the indentation. The elastic zone of one indentation is
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(a) (b)

(c) (d)

Figure 5.18 – Ir fragment from the half shell 2, location of part 1.2/1.3, metallography, (a) overview,
locations of detailed examination are marked, (b) detail position 2, (c) detail position 3, (d) detail
position 4.
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conventionally assumed twenty times the indentation depth [183]. The following description

shows the distance between two indentations depending on the load:

• Matrices of 16 indentations with a load of 50 mN: 20 µm distance

• Matrices of 16 indentations with a load of 100 mN: 30 µm distance

• Matrices of 12 indentations with a load of 500 mN: at least 90 µm distance

These distances between the indentations are based on an indentation depth of 0.55 µm for

an applied load of 50 mN, an indentation depth of 0.8 µm for an applied load of 100 mN and

an indentation depth of 2.2 µm for an applied load of 500 mN. The indentation depths were

estimated on the basis of the testing of the unirradiated iridium sample. Figure 5.19 shows the

location of the chosen test fields (1 - 6). Test field 2 was dedicated for measurements with a

load of 50 mN and a load of 100 mN. Test fields 1, 3 and 4 were dedicated for measurements

with a load of 500 mN.

Figure 5.19 – Metallographic microsection of irradiated Ir fragment with selected zones for the nanoin-
dentation.

Measurement parameters

The measurement parameters for the quasistatic nanoindentation-measurements for each

load stage (50 mN, 100 mN and 500 mN) are displayed in table 5.6. For the calculation of the

elastic modulus a sample Poisson’s ratio of 0.3 was assumed (see section 2.5.3).
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Parameters Unit Irradiated Ir
Indenter type Berkovich diamond
Loading type Linear, load control
Maximum load (mN) 50 100 500
Pause at max load (s) 15
Loading rate (mN/min) 100
Unloading rate (mN/min) 100
Tested zone 2 2 1,3 and 4
Distance between
two indentations

(µm) 20 30 90

Number of indentations 16 16 12

Table 5.6 – Test parameters for the irradiated iridium test campaign at Framatome GmbH.

Results of the nanoindentation-measurements

The results of the quasistatic nanoindentation-measurements for the load stage 50 mN,

100 mN and 500 mN are displayed in figures 5.20 and 5.21.

The result of the indentation hardness (HI T ) at the irradiated Ir microsection shows a mean

value within the measurement uncertainty (within the standard deviation of the measure-

ments) for the load stage of 50 mN and 100 mN. The HI T mean value revealed a difference

of approx. 0.8 GPa between the first two load stages (50 mN and 100 mN). The single values

and thus the mean value (5.83 GPa) of the 100 mN load revealed tendentiously higher val-

ues than the single values and mean value (5.03 GPa) of the 50 mN load. In contrast to the

unirradiated iridium sample, where between 50 mN and 100 mN a hardness decrease was

observed, the testing of the irradiated sample shows an increase for these load stages. The HI T

value of the 500 mN load shows a radical drop. The measurements are located at test field 1, 3

and 4. The HI T mean value at the 500 mN load is 3.0 GPa. This value shows a difference of

approx. 2 GPa to the mean value of 5.03 GPa at a load of 50 mN. Also the elastic modulus E I T

at 500 mN load shows a radical drop. The E I T mean value at 500 mN load amounts to 66 GPa.

The high drop in hardness and elastic modulus at 500 mN load was presumably affected by

the indentation depth. This could indicate that:

• Whether the thickness is less than ten times the indentation depth of 2.2 µm (i.e. 22 µm,

the thickness of the sample is not really known so it could not be completely ruled out

that the sample thickness is indeed in the range of several tens of micrometers) or,

• there is a bigger pore or separation present underneath the indentations,

• or the present micro porosity caused this effect.

The expected indentation hardness and modulus of epoxy resins is in the range of approx. 0.08 GPa

to 0.12 GPa for the HI T and 2.3 GPa to 3.5 GPa for the E I T [234].
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Figure 5.20 – Indentation hardness (mean values) of the irradiated iridium sample.

The indentation modulus (E I T ) at the irradiated Ir microsection revealed a mean value

of 245 GPa at a load of 50 mN (see figure 5.21). The E I T mean value at the load of 100 mN

shows an obvious decrease of approx. 115 GPa in comparison to the E I T mean value of 50 mN

load (245 GPa).

Assessment of the nanoindentation results

The examination of the unirradiated iridium with focus on the influence of the mount resin

stiffness shows that the HI T and E I T values differs in the magnitude of the standard deviation

of each measurement matrix. A decrease in the HI T with higher loads could be attributed to

the indentations size effect [235]. For the non-monotonic behavior of the E I T load dependence

no plausible explanation could be given. Furthermore, a certain discrepancy (roughly ± 15%)

between the literature value of the elastic modulus of 525 GPa to 540 GPa [236] and the

obtained E I T values in the range of 462 GPa to 603 GPa is present.

The examination of the irradiated iridium fragment shows smaller HI T hardness values as

the values obtained on the unirradiated iridium, i.e. in the range of 5.03 GPa to 5.83 GPa for

irradiated vs 6.42 GPa to 6.63 GPa for unirradiated iridium at 50 mN and 100 mN loads. The

essential drop of the hardness measured at 500 mN load could indicate an influence of the

mount resin (as the sample thickness is not really known) or presence of a discontinuity in a
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Figure 5.21 – E modulus (mean values) obtained by nanoindentation of the irradiated iridium.
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form of a separation or a cavity or void under the indents. The same is valid for the E I T value

measured at 500 mN load where a value of 66 GPa was obtained. The difference in the mean

value of E I T at 50 mN and 100 mN could also be explained by the same influence.

The small values of 245 GPa at 50 mN and 130 GPa at 100 mN in comparison to the value of

525 GPa to 540 GPa could be explained by the observed separations (i.e. effectively porosity)

within the fragment, compare the influence of the porosity on the E modulus in ref. [237].

5.10.5 SEM investigation on the irradiated iridium microsection after nanoin-
dentation

To observe the indentations from the applied nanoindentation-measurement and the appear-

ance of the irradiated iridium microsection, additional SEM investigations were performed. As

could be derived from the SEM pictures acquired in the vicinity of the indents, no break out of

particles took place. However, several indents (see figure 5.22) exhibits cracking and material

displacement. As described in the metallographic observation part, the examination in the

SEM shows also separations distributed all over the microsection surface. It is supposed that

these separations were already present before metallographic surface preparation, but the

size could have been influenced by erosion during grinding and polishing. Considering these

separations as microporosity the surface area fraction, and so the porosity at several locations

of the microsection was determined (see one example in figure 5.24). It could be shown that

the microporosity value is not homogeneous over the cross section of the microsection; values

between 0 and roughly 17% were determined. Some representative evaluations next to the

indents show values between 0 and 4.2%.

In order to acquire SEM images, the specimen was sputter-coated with Au in order to ensure

a sufficient conductivity. This leads to several artifacts on the surface, the material contrast

becomes less pronounced, the image resolution becomes poorer, the coating is not homoge-

neous over the whole microsection, some distinct areas exhibit a buildup of thicker Au-layer

(see figure 5.23). In addition colloidal silica particles are distributed over the whole surface.

It is supposed that in the volume of the fragment a cavity is present where silica particles

were accumulated. During the evacuation process in the sputter-coater these particles were

released from the cavity and were deposited over the microsection surface.

5.11 Summary of the observations

One spent AD-target was disassembled and the state of the Ir-core, graphite and the Ti-

windows were characterized. Ir could be shown that the operation of the AD-target had

an impact on its components. The state of the Ir-core and the graphite parts which covers

the Ir-core is altered. The single Ir-core parts are not distinguishable and not separated

anymore; this indicates that joining (through melting or sintering) took place. It could be

therefore supposed that during the operation of the AD-target the graphite bodies and the
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Figure 5.22 – SEM of representative indentation (500 mN load) on the irradiated iridium surface
(fragment from the half shell 2, location of part 1.2/1.3).

Figure 5.23 – SEM of one indentation detail (500 mN load indent) on the irradiated iridium surface
showing micropores and additional artifacts due to the surface preparation (fragment from the half
shell 2, location of part 1.2/1.3).
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Figure 5.24 – Ir fragment from the half shell 2, location of part 1.2/1.3, SEM detail, result of porosity
estimation: 11.8%. The porosity is estimated based on the lighter circular surface.

iridium core were subjected to elevated pressure and temperatures probably exceeding the

melting temperature of iridium. There are clear indications that the graphite parts exhibited

temperatures and pressures sufficient to cause plastic flaw of the graphite. The Ir-core material

does not represent a solid, flaw free state but shows multiple macroscopic cracking over the

whole length of the core; on the microscopic level intergranular like fractures are present, the

material exhibits a certain degree of microporosity. In general, the found state of Ir-core and

the graphite parts indicate that heat conduction was essentially highly impacted, since the

core was highly fragmented and partially melted. The hardness and E modulus of the Ir-core

were examined and also showed altering in comparison to an unirradiated hot drawn material

state.
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6 Discussion

6.1 Restatement of the research question

The present design of the AD-target dates back to the late 80’s. A decrease in the antiproton

production yield up to 20% was observed after periods of weeks or months [28–30]. This

decrease was attributed to an effective loss of density in the central part of the target, resulting

in a reduction of the probability of an incoming proton to interact with a target core nucleus.

However, the reasons of such reduction of the density were unclear.

The reduction of the apparent density was attributed to a degradation of the microstructure of

the target core. Two main phenomena were put forward as major damaging concerns for the

AD-target operation [20, 28–31]: (i) thermally induced stress waves resulting from the sudden

increase of temperature in the target material after each pulse, and (ii) long term radiation

damage leading potentially to matrix damage, gas production by transmutation, voids and

bubble creation, swelling, embrittlement, etc.

The aim of this study was to gain insight into the possible causes of the material degradation

of high-Z material targets resulting in antiproton yield reduction. A better understanding of

the contributions of the two sources of damage cited above was necessary to provide more

hints and expertise to sustain the material selection assessment of future target design.

In order to reach this objective, two different focuses of research were undertaken: (i) detailed

PIE of the targets from the HiRadMat-27 and HiRadMat-42 experiments, and (ii) opening of

one spent AD-target with observation and analysis of its target core. The first focus of research

was chosen to highlight the effect of the radial compressive-to-tensile wave only, since long

term radiation damage was negligible in both HiRadMat experiments; the second focus of

research had to complement the first approach taking into account the long term radiation

damage effect as well. Various microscopy techniques and microhardness measurements

were considered to characterize and identify the damage.
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6.2 Contributions from the HiRadMat-27 experiment

6.2.1 Summary of the experiment and main outcomes

Hydrocode calculations performed in ref. [35] demonstrated that a radial pressure wave is

generated in the AD-target core as a consequence of the sudden deposition of energy by

the incident proton beam. Furthermore, the conditions reached in the AD-target can be

reproduced in the HiRadMat-27 experiment for Ir, Ta, W, W-La, W-Ta cladded, Mo and TZM

materials (see section 3.1.2). The HiRadMat-27 experiment successfully took place and the

main outcomes of the experiment were reported in refs. [10, 47, 49]: 139 pulses at different

intensities were impacted onto 13 targets, recreating analogous extreme conditions to those

prevailing in the AD-target. Dynamic responses for all targets were recorded. The occurrence

of radial and longitudinal pressures waves predicted by simulations were recorded. The main

conclusions of the experiment were the following [10]:

1. The radial and longitudinal predicted waves, which were predicted by hydrocodes, were

observed in the HiRadMat-27 experiment. A third wave corresponding to a bending

mode was also observed.

2. All irradiated targets, except tantalum, suffered significant internal damage even at

pulse intensities 5-7 times lower than the ones taking place in the real AD-target.

3. The radial compressive-to-tensile wave predicted by the hydrocodes was confirmed to

be the main damaging phenomenon of the HiRadMat-27 experiment and presumably

the cause of the drop in antiproton production observed in the first days of operation.

4. The fact that tantalum did not present cracks in the experiment increased the interest

for this material as a good candidate for the future AD-target design.

6.2.2 First PIE studies

The PIE studies indicated the main effect of dynamics and thermally induced stress waves as

the primary failure mode in the materials from the HiRadMat-27 experiment. This result is in

line with the previous studies [10, 38, 49], in which the effect of the damage in material was

measured during the experiment. The online measurements resulted in a fast damped and

distorted radial wave (change in frequency and diminution of the amplitude) for all materials,

except for tantalum [10, 49]. This change of response for the radial wave was observed from

the first pulse at the 2nd irradiation intensity (2.15 ·1011 ppp, 7 times lower than the intensity

to reach the conditions in the AD-target) and even at the lowest intensity (∼ 1 ·1011 ppp) for

tungsten after the second pulse. The change of the response for the radial wave was attributed

to fact that materials were experiencing plastic deformation [10, 49] and cracking. However,

the focus was mainly on the change of the dynamic response but not on the nature of the

cracks, namely where they initiated and in which direction they were propagated, or how
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the materials failed. Hydrocodes were used to predict the areas where plastic deformation

occurred and where damage of the failure took place, with the use of J-C strength and failure

models (mainly the MHPFM was used, see sections 1.2.2, 3.4.5 and appendix A). One of the

objective of the HiRadMat-27 experiment was to link the PIE results with the results obtained

by the numerical hydrocodes used to simulate the material response in the AD-target core.

The second objective was to test and compare the different material behaviors of high-Z

candidate materials for the future AD-target design.

UT inspections were carried out before irradiation to check each target in order to see the

possible presence of inclusion, pores, structural modification. No indication on any of the non-

irradiated targets that could correspond to internal defects was observed. After irradiation, all

targets, except the tantalum ones, showed internal fracture.

6.2.3 Analysis of the #11Ir2 target: apparition of the cracks at the 2nd intensity
pulse

Analysis of the reached stresses and link to the observed cracks

HD photos of all targets after the HiRadMat-27 experiment revealed the presence of longi-

tudinal cracks at the outer surface of all targets, except for tantalum, which did not crack

(see section 3.5.2). It is interesting to analyze the stress state to predict the most probable

position and orientation of the cracks. The #11Ir2 target was irradiated up to the 2nd irradiation

intensity (2.15 ·1011 ppp). The hoop stress σθθ at the periphery of the target (r = 4 mm), at

the longitudinal position where the maximum temperature is reached, i.e. at z = 50 mm (see

figure 3.22) is ∼ 1350 MPa (see figure 3.7b). In the same figure, the simulations show that

all the three components of the stress (hoop σθθ, radial σr r , longitudinal σzz ) are in phase.

This result was extensively discussed in the previous works as the result of a superposition

of all generated compression waves followed by a counter release in tension [10, 35, 49]. The

hoop stress is the main component of the stress field. This is actually the main driving force

for the observed longitudinal cracks. The radial stress oscillates around 0 with a magnitude

of ∼±100 MPa, while the longitudinal stress starts to oscillate also around 0, but with a magni-

tude of ∼±200 MPa and a monotonic growth. At the center of the rod (see figure 3.7a), the

hoop stress and the radial stress are of the same order of magnitude and reach stress levels

of ∼ 1250 MPa as well, a bit lower than in the periphery. The longitudinal stress is nearly

always in compression. The reached temperature after the second pulse intensity is evaluated

at ∼ 500 ◦C in the center of the rod (see table 3.2).

Stress triaxiality

It is well known that for brittle materials, brittle fracture can occur before general yield under

a triaxial state [238]. Assuming that the maximal radial σr r , hoop σθθ, and longitudinal σzz
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stresses are the principal stress components σ1, σ2 and σ3, the stress triaxiality1 ST at the

center and at the periphery of the rod can be calculated. From figure 3.7, at the center of the

rod the stress triaxiality ST = 0.67, while at the periphery ST = 0.44. Both triaxiality values

are higher than that obtained for a state of stress which would be purely uniaxial, for which

ST = 0.3. Therefore, brittle fracture could occur before the general yield given by uniaxial tests

in publications. This effect is more pronounced in the center of the rod, in which triaxiality is

higher, than at its periphery.

Comparison with the literature

Iridium from Plansee [39] was tested in Polito, Turin (Italy) [162] under dynamic loading

conditions for the purpose of the HiRadMat-27 experiment. The results showed that the

tensile strength increases of ∼ 42% at 500 ◦C from quasistatic loading (10−3 s−1) to dynamic

loading conditions at strain rate of 103 s−1 (see figure 1.9), where the YU is about ∼ 1350 MPa.

However, the strain rates of the iridium at the second intensity pulse were evaluated to be

higher than the tested iridium (∼ 8 ·103 s−1 in the center and ∼ 4 ·103 s−1 at the periphery, see

section 3.4.5). Also, the temperature at the periphery is lower than the 500 ◦C of the center of

the rods. The higher strain rate and lower temperature promote higher strength of the material

in the periphery [25, 85]. From the obtained LOM images of this rod, a more important gap

between the fracture surfaces is observed at the periphery than in the center of the rod (see

figures 3.32 and 3.33). This supports the idea that the cracks initiated at the periphery and

propagated towards the center, despite higher triaxiality in the center.

EBSD and KAM analyses

EBSD and KAM analyses do not highlight any relevant changes in the microstructure before

and after irradiation (see figure 3.34). The KAM analyze could suggest that an increase of

the density of dislocation took place due to the irradiation. However, the images for the

unirradiated samples were obtained with a step size of 0.2 µm versus 1 µm for the irradiated

ones. This change of apparent density dislocation is most probably the result of a choice

of the analysis resolution that allows for a much clearer resolution instead of a real change

in the material. However, the other KAM analyses on other materials (see figures 3.35, 3.37

and 3.39) do not highlight any relevant change of dislocation density either, even with the same

resolution. This supports the fact that no relevant change of the microstructure took place

in this rod. The increase of temperature was not sufficient to reach either the DBTT, which

suggested to take place around 800 ◦C (see section 1.4.1), or the recrystallization temperature

of iridium. Therefore, the #11Ir2 target broke in a brittle manner, which is consistent with

other studies for this temperature range [68, 71, 74, 85].

1The stress triaxiality ST is a single dimensionless parameter defined as ST =σm /σe , where σm is the mean
hydrostatic stress, defined as one third of the sum of the principal stresses components, i.e. σm = 1/3(σ1+σ2+σ3),

and σe is the Mises yield criterion, given by the relation σe = {
(1/2)

[
(σ1 −σ2)2 + (σ2 −σ3)2 + (σ3 −σ1)2]}1/2

. See
ref. [238] for more details.
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Results of the microhardness measurements

The microhardness measurements performed on the samples cut from the #11Ir2 target show

a lower hardness in the center of the rod than at the rim location (see section 3.11.2 and

figure 3.53). A stress relief in the center of the rod, which underwent high temperatures cycles,

might be responsible for this observation. This is particularly true for the sample 8, which was

obtained at the longitudinal position where the temperature was maximum. However, the

sample 1 showed an even more pronounced trend, and this sample was extracted from the be-

ginning of the target rod, where the temperature reached only ∼ 100 ◦C. Let us emphasize that

this difference between the center and the periphery was already observed for the unirradiated

samples both with the measurements realized in nanoindentation and in microindentation

(see sections 3.11.1 and 3.11.2). Values obtained by nanoindentation showed hardness values

of ∼ 651±4 HV and ∼ 684±36 HV in the center and at the periphery, respectively, after conver-

sion (see section 2.5.2). These hardness values were higher than the measurements performed

by microindentation (see figure 3.26 and table 3.5), but they were in line with the expected

theoretical hardness given by the literature for cold drawn iridium [43]. This difference in the

hardness measurements between the microindentation and nanoindentation are explained by

the well-known ISE (Indentation Size Effect)2, which is still present in indentation by diamond

pyramids [239]. For one test, the obtained microhardness measurements can be interpreted

in light of the obtained relative values among the different test locations rather than absolute

values. The obtained different microhardness measurements between the center and the

periphery of the rod are attributed to a change of the microstructure due to the process of

fabrication, rather than the irradiation. Indeed, in the center, the microstructure seems to

differ a lot from the outer regions (see figure 3.26). The grain size is definitely larger and

seems less strain hardened. In the center, the microstructure shows a more uniform and

equi-axed grain appearance. In the outer regions, the grains are more elongated and finer

than in the center. This grain size difference results in different values between the center and

the periphery locations.

Results of the XRD measurements

The conclusions of the microhardness measurements are supported by the XRD analyses.

Indeed, the analyses of the residual internal stresses of the reference, low, medium and high

temperature samples show that all samples are in compression and this compression increases

in the samples that underwent the highest temperature and stress (see figure 3.49). The higher

the temperature in the sample, the lower the residual stress, both for the maximum and

minimum principal stresses, respectively. If stress relief in the center of the hole took place due

to the heat during irradiation, the residual stress would have increased towards an annihilation

in the samples that underwent the highest temperature. An opposite behavior is observed

here and the difference between the reference and the irradiated samples, respectively is of the

2Significant dependence of the hardness with the applied pressure is observed in microhardness tests and it is
most prominent in nanohardness testing [239].
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same order of magnitude, i.e. −750±50 MPa. In other words, the measurements of the residual

stresses in the samples obtained with XRD would be more representative of the internal stress

induced by the process of fabrication rather than a measure of the effect of the irradiation.

This is in line with the received temper state of the rod, which was "as drawn" (see table B.1),

and the conclusion of the publications [175, 180], which shows that internal stresses due to

the process of fabrication can be detected by this method.

Comparison with the failure models

At the 2nd intensity pulse, at a longitudinal distance z = 50 mm , the corresponding pressure

reached in the center of the target is ∼ 2.6 GPa in compression after ∼ 0.3 µs and ∼−810 MPa

in tension after 1.4 µs [10]. It was observed that the first cracks appeared at the 2nd intensity

pulse, where a distorted response of the velocity was measured at the periphery of the rod

(see figure 3.6) [10, 47]. Hydrocode simulations were corrected with a MHPFM3 to match the

simulated data with the corresponding measured radial velocity of the rod. A MHPFM was

benchmarked with a Pmi n of -900 MPa, i.e. in tension (see figure A.1) with this methodology.

This is very close to ∼−810 MPa in tension that takes place in the center of the rod after 1.4 µs.

At the same moment, YU of the material is reached mainly by the hoop stress component.

The intensity of the hoop stress is higher at the periphery of the rod than in the center (see

figure 3.7). But stress triaxiality is higher in the center. Hydrocode calculations predict that

the minimum hydrostatic pressure failure mainly takes place in the center of the rod (see

figure A.1). Observations on the same tend to conclude that fracture occurred first in the

periphery of the target (see figures 3.32 and 3.33). The crosscheck of the obtained results

with the simulate one allow us to conclude that for this target, hydrocodes could benchmark

relatively well Pmi n of the MHPFM at which failure occurred based on the recorded velocity

method. However, the comparison with the obtained cracks and areas where failure occurs

in the model does not match very well. Additional factors, such as the microstructure of the

effect of the machined features shall be analyzed in order to understand the path of the cracks.

Effect of the machined features

The machined features for instrumentation (especially the cavity holes for thermocouples) and

for holding the samples (flat surfaces at the extremities of the rods) played an important role for

the crack path formation and propagation. Systematically, the cavity holes for thermocouples

were crossed over by a longitudinal crack (see figure 3.15). This can be explained by the stress

concentration at the extremity of the hole in the longitudinal direction. At the surface of

the rod, given the small radius of the cavity hole (r = 0.5 mm) compared the radius of the

target (r = 4 mm) and the length of the target, the stresses at the hole can be analyzed as a

first approximation using the Kirsch’s theory for the case of uniaxial tension in an infinite

plate [240]. For a rod under tensile hoop stress σθθ load, Kirsch’s theory predicts a tensile

3The models assume that the materials fail under fracture when a given threshold tensile pressure is reached,
which is given by Pmi n (see section 1.2.2).
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hoop stress three times higher (3σθθ) at the edge of the hole of the longitudinal direction and

a compressive stress (−σθθ) in the circumferential direction (following the direction of the

hoop stress). The generated radial wave will produced a tensile stress 3σθθ as soon as the wave

goes in tension (see figure 3.2). At the longitudinal position z = 50 mm, the hoop stress σθθ
in the vicinity of the thermocouple rod, i.e. at the periphery of the target (see figure E.6) is

given to be ∼ 1300 MPa (see figure 3.7b). This results in a tensile stress of ∼ 3900 MPa at the

edge of the hole the thermocouple, which is much higher than the stress that the material can

withstand. Therefore, the machined features were not without consequences on the initiation

and propagation of the cracks. The flat surfaces machined to hold the targets (see supports A

to F in figure E.6) played also a role as stress concentrator. Figure 3.33a shows a LOM image

of a crack initiating at the edge of a support taken off from an iridium sample removed at

beginning of the target.

Interpretation of the microhardness measurements

It was observed that the microhardness measurements do not highlight the effect of changes

in the microstructure. In the literature review, it was mentioned that shock waves can be

used as a process to harden metals with practical negligible strain (see section 1.4). The

shock-hardening effect observed in metals is function of the pressure and also of the pulse

duration [25, 106]. Tests on several metals from 15 GPa up to 45 GPa minimum and maximum

pressure, respectively, showed that no noticeable hardening was observed in the 1-10 µs range

of pulse duration [106]. Pulse duration largely lower than 1 µs had to be realized to observe a

significant effect. In the case of the #11Ir2 target, a ∼ 2.6 GPa maximum pressure is reached

after ∼ 0.3 µs. Therefore, the pulse duration lasts ∼ 0.6 µs, which is very close of the 1 µs

threshold to observe a noticeable hardening. Furthermore, the ∼ 2.6 GPa maximum pressure

reached at the center of the target is largely below the 15 up to 45 GPa pressure range tested

with other metals, which is not in favor of an increase of the dislocation density, since the latter

depends on the pressure. This could be the reason why no hardening effect was noticeable in

this target. As a result, the input energy coming from the proton beam is converted mainly in

heat and formation of cracks.

6.2.4 Analysis of the #12Ir3 target: effect of the pulse at nominal intensity

Analysis of the stresses in the target

While the #11Ir2 target was irradiated up to 2.15·1011 ppp following a monotonic increase of the

intensity, the #12Ir3 target was irradiated with one single pulse at an intensity of 1.71 ·1012 ppp,

slightly higher than the nominal AD-target condition, i.e. 1.5 ·1012 ppp. This represents a

factor ∼ 8 between the two pulse intensities. In the #11Ir2 target, the hoop stress was higher at

the periphery than in the center of the rod. In contrast, the #12Ir3 target underwent a much

higher stress in the center than in the periphery (see figure 3.9). At the center of the target, the

hoop, radial and longitudinal stresses were in phase and with the same intensity. Simulations
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showed that the tensile stresses could reach ∼ 10 GPa if the material did not break much earlier

obviously, which represents also a factor 8 in comparison with the respective tensile stress at

the 2nd intensity pulse (2.15 ·1011 ppp). This linear scaling is to be expected since the thermal

energy deposited in the center of the beam is linearly proportional in the system of equations

to be solved [25]. However, the tensile stress at the periphery is not similarly proportional, since

the energy is not directly deposited in these areas of the rod, but depends on the propagation

of the stress wave generated in areas located closer to the center of the rod [10, 35]. At the

moment of impact, the temperature at the center of the rod raised up to ∼ 2000 ◦C and up

to ∼ 400 ◦C at the periphery (see figure 3.10). With such a temperature, the YU of iridium is

almost nonexistent since all studies performed on this material [67, 68, 83, 85, 86] show that

the YU degrades very rapidly after ∼ 1000 ◦C (see figure 1.10), and this independently of the

strain rate of the material. In other words, if an increase of the strain rate increases the YU

at low temperature, this effect is annihilated above a certain temperature. This is directly

connected to the possibility of dislocations to move. Above ∼ 1000 ◦C, the flow stress of iridium

is essentially athermal, i.e. there is enough energy to overcome localized obstacles, while the

extended obstacles remain the only ones that contribute to the flow stress4.

During the HiRadMat-27 experiment, it was observed that the targets deformed following the

natural resonant frequency of the radial, longitudinal and bending modes. This result was

already assumed in studies during the 80’s [28], but was confirmed thanks to the HiRadMat-

27 experiment [10, 49, 204]. As a consequence, it was highlighted that the center and the

periphery of the rod were expanding in phase [10]. The geometry of the target has an influence

on the production of thermally induced stress waves as well, since waves can be in constructive

interference with the natural frequency of the rod [10] (see section 3.1.3). Hence, the target

geometry can be optimized to reduce these interferences. However, once the target cracks,

this reasoning no longer holds, because the geometry and the wave reflections changes.

Therefore, more important than the wave interferences, is the fact that the hoop, radial and

longitudinal stresses are in phase (see figure 3.9a). This has deleterious consequences on

the final state of the AD-target (see section 6.4). At the center of the rod, the intensity of

these stress components is the same and the hoop stress becomes dominant towards the

periphery. This could be one reason why the #12Ir3 target broke with a predominance to

develop cracks along the longitudinal direction. The target fragmented in a bulb-shape (see

figure 3.14 in section 3.5) consistently with the longitudinal deposition of energy in the target

(see figure 3.2 in section 3.1.3), i.e. the biggest deformation took place where the deposited

energy was maximum. In contrast with #11Ir2, the #12Ir3 target experienced higher stress and

temperature in the center of the rod. Therefore, it is reasonable to think that crack initiation

4It is very well known that the flow stress of materials is driven by the possibility of dislocations to move [241]. A
dislocation has to overcome an energy barrier when it moves from one equilibrium atomic position to the next,
and/or has to overcome obstacles. Thermal energy increases the amplitude of vibration of atoms and decreases the
energy barrier as the temperature rises. Thus, it helps dislocations to overcome obstacles. The strain rate is similar:
with an increase of the strain rate, there is less time to overcome the energy barrier and the thermal energy is less
effective [25]. Combined effects of temperature and strain rate compete on the flow stress of metals. However, at a
certain temperature, the activation energy for the dislocations to move is sufficient to totally overcome the energy
barrier holding their progression [25, 242].
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and propagation started at the center of the rod. An analysis of the microstructure of the

fractured surfaces also brings more hints on how the material broke. The conclusions can be

extended to the AD-target.

Contributions from the fractographic observations

Observations of the microstructure of unirradiated iridium cross section showed that the

microstructure is locally heterogeneous with the grain size in order of magnitude of some

microns (see figure 3.26b). However, at the scale of the rod, a general clockwise twist of the

entire microstructure can be observed (see figure 3.26a). This imparted movement might

be the result of the rod manufacturing process. Iridium rods were formed from a forged

drip melted ingot and followed by a swagged process, resulting in a "as drawn" temper (see

section 3.3). It can be observed that the #12Ir3 target followed a slight twist around the

longitudinal axis while fracturing (see figure 3.14). The shape of fracture strongly supports the

idea that the original twist played an important role in the fracture process, influencing the

crack path to follow the imparted twist of the grains, mainly influenced by the grain boundary.

Elongated grains were observed in the longitudinal direction. The grain elongated shape

comes probably from the metallurgical history of the rod. Materials going through swagged

process usually exhibits an elongated fibrous structure if in-process recrystallization did not

occur. As the fabrication process is not not revealed by the manufacturer, only the result of

the process of the fabrication can be discussed from this point on. The consequence of the

fabrication process is that the microstructure is not isotropic, but weaker in the hoop and

radial direction and stronger in the longitudinal one. This is an additional explanation for

understanding why this target broke predominately in the radial and hoop directions.

Fractographic observations on close regions of the outer surface of the rod (from the periphery

up to ∼ 1 mm) result in a mix of BTF and BIF modes without necking. This mode of fracture is

a MBF (Mixture Brittle Fracture) mode with secondary cracks along the grain and transverse

cracks in the grain. The temperature in this area is estimated to be lower than 800 ◦C (see

figure 3.10), which is the maximum temperature that the rod could reach during the impact at

a longitudinal position z = 50 mm. These features are confirmed by several publications [68,

70, 71, 74, 85], which reported that a brittle fracture occurs in temperatures below ∼ 800 ◦C.

Slightly further towards the center of the rod (at location 6, at ∼ 2 mm from the center of the

rod, see figure 3.25), ductile fracture with necking and slip bands can be observed. Despite

the relative ductility of the material, the breakdown at the end of the fiber stays brittle with

cleavage facets. The temperature in the areas was estimated to have reached between 900 ◦C

and 1400 ◦C. Despite a recrystallization temperature around ∼ 1000 ◦C (see section 1.4.1), no

recrystallization was observed, probably due to the fact that the rod cooled down rapidly after

irradiation. The obtained results are supported by similar observations in published works.

Yang et al. [68] observed a significant increase of the elongation at break at temperatures

between 700 ◦C and 800 ◦C. Hecker et al. [37] observed a material fracture without necking at

RT, followed by necking starting at 760 ◦C, and significantly necking at temperature between
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1093 ◦C and 1370 ◦C. Finally, Panfilov [70, 71, 74] observed necking at medium temperature,

but following by a brittle fracture. The material deforms plastically, accumulating dislocations

and finally fracturing in a brittle manner. In addition, matte areas are dominant, which

indicates that the fracture evolves from a mix of BTF and BIF modes to mainly BIF mode. This

trend is in line with the trend found in published works [67, 85], which shows an increase of

BIF mode with temperature. At location 7 (at ∼ 1.3 mm for the center of the rod, estimated

maximum temperature between 1400 ◦C and 1600 ◦C), high plastic flow, shear lips, apparition

of microvoids, dimple and rounded shapes are observed and are linked to local ductile fracture.

The obtained results are in line with what was observed in other studies in the literature, since

these types of features were reported in temperature range between 1000 ◦C and 1600 ◦C [68].

Close to the rod axis (at location 9), high plastic deformation with dendritic shaped features,

round shapes and severe necking with drop shaped material at the extremity are observed. In

addition, necked regions and microvoids following ductile high strain fracture were formed.

The disappearance of misorientation on EBSD map highlights the fact that recrystallization

and secondary dynamic recrystallization occurred during the experiment (see figure 3.48).

These results were confirmed by micro indentation:, hardness decreases from 550HV0.5 for

the non-recrystallized area close to the outer surface, to 360HV0.5 for the recrystallized area

close to the rod axis (latter value is close to the full annealed reference hardness found in

published works). Temperature close to ∼ 2000 ◦C at maximum were estimated in this area.

Despite the fact that hydrocode simulations predicts that the rise of the temperature is lower

than the melting point of the material (see section 3.1.3), the observation of the liqueous

round shape leads to think that a local melting of the iridium is suspected. This local rising

up of the temperature could be due to the loss of thermal dissipation following the fracture

subsequent a local deposition on energy.

Fracture conditions in the #12Ir3 target

For the #12Ir3 target, the areas where the maximum temperature is located are also the areas in

which maximum tensile stresses take place (see figures 3.9 and 3.10). The pulse intensity and

length for this target was set up to recreate similar temperature and stress state as in the AD-

target (see section 3.1.3). Reciprocally, the analyses of the damage that took place in the #12Ir3

target can be beneficial to understand what can happen in the AD-target. The combined effect

of the temperature and the tensile stresses reached in the rod is doubly deleterious for the

AD-target. The higher the deposition of energy, the higher the resulting tensile stresses and the

adiabatic rise of temperature. However, the higher the temperature, the lower the resistance of

the material (see figure 1.10). Unlike for the #11Ir2 target that broke predominately first at the

periphery with a crack propagation towards the center of the rod, the #12Ir3 target broke first

in its center and the fracture propagated in the direction of the periphery. The observations of

the river pattern orientation indicates that the crack propagation probably took place from

the center of the rod towards the periphery (see section 3.9.6). This is in line with the effective

final bulb-shape of the target and the conditions of stress and temperature reached inside the

rod.
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Comparison with the failure models

Similarly to the #11Ir2 target, hydrocode simulations were corrected with a MHPFM to match

the simulated data with the measured first part of the radial velocity of the rod for the #12Ir3

target. A MHPFM was benchmarked with a Pmi n of -1.4 GPa, i.e. in tension (see figure A.2)

with this methodology [10]. If for the #11Ir2 target the hydrocodes could benchmark relatively

well Pmi n of the MHPFM at which failure occurred based on the recorded velocity method, this

was mainly possible because fracture started at the periphery of the rod. For the #12Ir3 target,

the situation is different since the cracks start at the center of the rod, where the conditions of

temperature and stress are deleterious, and propagate towards the periphery. In this case, it

is not the YU of the material that is the limit for failure to occur, but the fracture toughness,

which is the ability of a material to resist fracture (see table 1.1). In addition, the final shape

after failure obtained by hydrocodes is very different from the observed one. Therefore, the

comparison with the obtained cracks and areas where failure occurs in the model does not

work.

6.2.5 Analyses of the #6W1, #13W-Ta and #2TZM1 targets

Stresses reached in the #6W1 target

The #6W1 target was irradiated stepwise with increasing energy up to the maximum nominal

pulse intensity of the AD-target, i.e. 1.56 ·1012 ppp (see table F.2. The bending of the target

reached a maximum of 1.4 mm (see figure G.8). This means that bending was not high enough

to prevent the target from experiencing the highest intensity pulse. The target was effectively

irradiated at the maximum intensity. At the 2nd intensity pulse (2 ·1011 ppp), tungsten reached

a temperature of ∼ 450 ◦C (see table 3.2) and both the hoop and radial stresses reached

∼ 1200 MPa at the center of the rod (see figure 3.8), for a longitudinal distance z = 50 mm

(see figure J.14). The longitudinal stress is slightly lower. At the periphery, the hoop stress is

dominant with a maximum value of ∼ 420 MPa. Unlike the #11Ir2 target for which the hoop

stress was higher at the periphery than in the center at the same intensity, W shows higher

stress states in the center of the rod than in the periphery. At the nominal pulse intensity,

tungsten reached a temperature of ∼ 2000 ◦C in the center of the rod and could reach a

hypothetical value of ∼ 8 GPa for the hoop, radial and longitudinal stresses, obviously if the

target did not break before (see figure 3.11). At the periphery, the hoop stress is dominant with

∼ 650 MPa. At high strain rate, W shows a YU of ∼ 1100 MPa at ∼ 400◦ which decreases rapidly

with increasing temperature (see figure 1.12) [141].

Analysis of the obtained results

The target presented cracks along the longitudinal axis, but also perpendicular to it, mostly

around the thermocouple holes (see figures 3.13 and 3.15b). Like for the #11Ir2 target, the

thermocouple holes acted as stress concentrator (see section 6.2.3). The effect of the machined
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features acting as stress concentrator is observable on figure 3.39a, highlighting a crack passing

by machined feature in a zone where the temperature is estimated to have reached maximum∼
300 ◦C, i.e. low temperature (see table 3.2). The dynamic responses of W were damped already

after the 2nd pulse at the 1st pulse intensity 1 ·1011 ppp (see section 3.4.5). This was attributed

to the fact that the target already underwent plastic deformation [10]. However, the EBSD

and KAM analyses (see figure 3.39) did not highlight relevant changes of the microstructure.

Furthermore, no hardening effect was evidenced by microindentation or nanoindentation

measurements after irradiation (see figures 3.50 and 3.53). Microindentation tests even

revealed softening with microhardness measurements of 488±8 HV0.5 and 461±13 HV0.5

prior to and after the irradiation, respectively. Similarly to the #11Ir2 target (see section 6.2.3),

it is most probable that the pressure reached in the target was not enough and the pulse length

too long to induce hardening that could be measured by micro- or nano-indentation methods.

The XRD analyses did not highlight any relevant change of the internal stress prior to and

after irradiation (see figure 3.49). A relative small compressive stress is detected, probably as a

result of the process of fabrication (see section 3.3). Therefore, the energy put in the system,

dissipated in heat, is essentially responsible for crack initiation and propagation and not for

plasticity. The DBTT is evaluated to be between 200 ◦C and 400 ◦C (see section 1.4.3), which

indicates that W stayed brittle after the 1st pulse intensity, since the elevation of temperature

is evaluated to be only of 160 ◦C (see table 3.2). Therefore, the observations are incompatible

with the interpretation that target was already experiencing plastic deformation [10] after the

2nd pulse at the 1st pulse intensity. The possibility that the target experienced fracture is not

to be excluded. At the 1st pulse intensity, it is expected that the hoop and radial stresses are

two times lower than at the 2nd pulse intensity, i.e. ∼ 600 MPa, which is lower than the YU of

the material (see figure 1.12). However, it is possible that the machined features increased

locally the stress intensity initiating crack growth since the 1stpulse intensity. The temperature

at the 1st pulse intensity was under the DBTT, making the material inherently brittle with poor

fracture toughness [39, 138]. The fracture process in the target is then an enhanced form of

the 2nd pulse intensity. At this intensity, the radial and the hoop stress reached in the center

of the target are higher than YU of the material for this temperature and strain rate, even if

the material becomes ductile. Therefore, it is not easy to determine at what stress intensity

this target started to break. Observations cannot confirm the minimum hydrostatic pressure

Pmi n =−850 MPa calculated by the method of dynamic response recorded at the periphery

of the rod (see figure A.1b). In addition, the areas that cracked given by the model do not

correspond to the observed cracks that took place in the #6W1 target.

Comparison with the #12Ir3 target

One important difference with the #12Ir3 target is the fact that the #6W1 target did not break

like a bulb-shape at the maximum nominal pulse intensity of the AD-target, i.e. 1.56 ·1012 ppp.

Contrary to the #12Ir3 target that was irradiated with one pulse directly at the maximum

nominal pulse intensity, the #6W1 target was irradiated stepwise with increasing energy. Once

fractured, the rod is not considered as a whole and reacts differently to the incoming pulse. The
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cracks restrain the global expansion of the rod. However, this does not prevent the target from

continuing to crack. Figure 3.39d shows that many cracks were formed in the target. This is

typical in body experiencing fragmentation, which is characterized by the apparition of many

cracks that grow simultaneously. This feature distinguishes dynamic fracture from quasistatic

behavior due to the presence of stress waves, originating either at the crack tip at fracture or

due to externally applied loads [25]. The reflected stress waves at the body boundary return to

the crack tip and alter its stress state. The consequences can be a change of crack speed, or

branching with sufficiently stress wave intensity. Branching and fragmentation increases with

increasing strain rate and applied stress [25, 243, 244]. The reason of fragmentation can be

understood from an energetic point of view, since, at a certain critical velocity of the crack, the

latter tend to branch out in order to decrease the overall energy of the system [25]. It should

also be noted that the rod was bent when it was exposed to the maximum intensity. An offset

of the proton beam has the effect of reducing the intensity of wave stress [10, 204]. However,

that does not change the conclusions of the analysis: on a short term, the cracks that formed

at low pulse intensities prevent further expansion of the rod at high intensities. The final offset

is relatively moderate and the tensile stress in the target is much higher than the YU .

Analysis of the #13W-Ta target

Hydrocode simulations demonstrated that a high-density cladding around the core of the

AD-target could effectively reduce the level of tensile pressure reached in its core due to

impedance mismatch phenomena (see sections 1.2.2 and 3.3.5) [10, 35]. The purpose of the

cladding was to reduce the radial tensile pressure. For a W target, up to 44% reduction was

calculated in the maximum tensile pressure in the center of the target when using Ta-cladded.

The core-cladding interface quality during the experiment could not be simulated and stayed

as an unknown. The HiRadMat-27 experiment made possible to test this strategy.

The #13W-Ta target (consisting of a W target cladded with 2 mm Ta) was irradiated stepwise

up to the maximal nominal pulse intensity (1.56 ·1012 ppp, see table F.2). The target shows

a lower bending compared to the other W target (see figure G.8). LOM images at different

longitudinal locations shows that the W presents both intergranular and intergranular cracks

(see figure 3.40). It is well known that a crack follows the path which requires the lowest energy.

However, the latter depends both on geometrical factors and on the respective values of the

cleavage and intergranular works of fracture [245], which is difficult to determine for this

specific target. The proton beam impact on the target resulted in a complete detachment

between the W and Ta clad for two samples. It is impossible to determine at which pulse

intensity this detachment took place. The Ta clad is affected by a crack that took place at the

periphery towards the center. Compared to the #6W1, the tungsten of the #13W-Ta target

appears to be indeed less cracked. However, once the detachment of the Ta occurs, the

cladding can no longer play its role anymore and diminish the intensity of the radial wave.

Therefore, the use of cladding at nominal pulse intensity would not be conclusive in the long

term.
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Analysis of the #2TZM1 target

All Mo based targets (pure Mo and TZM) present longitudinal cracks, even for targets irradiated

at the medium pulse intensity (up to 9.2 · 1011 ppp for the #3TZM2 target, see table F.2),

corresponding to 500 ◦C of increase of temperature and 440 MPa of maximum tensile pressure

(see table 3.2). The #2TZM1 target was irradiated stepwise with increasing energy up to the

maximum nominal pulse intensity of the AD-target, i.e. 1.56 ·1012 ppp (see table F.2. The

bending of the target reached a maximum of 0.37 mm (see figure G.8). Changes in the radial

wave were observed at the 2nd intensity pulse (2.2 ·1011 ppp) suggesting plastic deformation

in the material [10]. The maximum temperature increase is 150 ◦C with a maximum tensile

pressure reaching 200 MPa. At maximum nominal pulse intensity (∼ 1.5 · 1012 ppp), the

estimated increase of temperature in the #2TZM1 target was 850 ◦C and the maximum tensile

pressure 1.3 GPa. Tensile tests at high strain rate for TZM were not found in the literature

review, but engineering stress strain curves for pure Mo show a quite good ductility at high

strain-rate (see figure 1.14). Few cracks were observed on this rod with BIF mode mainly (see

figure 3.37). This result is in line with results in published works, in which brittle fracture

was observed for high strain rate loaded Mo materials [162]. No relevant changes of the

microstructure were observed either in EBSD or KAM analyses. This indicates that the time at

high temperature was not sufficient to initiate recrystallization in this material. This is coherent

with the literature review in which recrystallization temperature of 1400 ◦C was reported for

1 hour annealing and 90% deformation [155]. No particular changes of internal stresses

were observed in XRD analyses before and after irradiation (see figure 3.49). No relevant

changes in microhardness measurements were observed either under microindentation or

nanoindentation (see section 3.11.1). These results support the idea that the energy given to

the rod was dissipated in crack initiation and propagation and heat dissipation.

6.2.6 Analysis of the #4Ta1 target

In contrast to the other materials in the HiRadMat-27 experiment, tantalum is the only ma-

terial that did not present cracks. No cracks were observed through UT investigations (see

section 3.6). The Ta targets resulted in bending after the experiment (4.5 mm at maximum),

which was attributed to a bending mode of the entire rod at low frequency induced by a

off-axis beam impact (see section 3.4.5) [10, 204]. The #4Ta1 is supposed to have experienced

a maximum nominal pulse intensity of 1.56 ·1012 (see table 3.2). However, it is hard to confirm

that the target has effectively experienced this intensity, since we do not know exactly how

bent the target was at the moment of the last impact. Hydrocodes calculations predict a rise

of temperature of 1850 ◦C with a maximum tensile pressure of 4.5 GPa (see table 3.2) [10, 49].

Samples corresponding to the low, intermediate and peak temperature positions along z-axis

were extracted from the #4Ta1 target. LOM, SEM and KAM analyses do not highlight any

relevant changes of the microstructure before and after the irradiation (see figure 3.11.1).

The Ta specimens show the same distorted grain microstructure before and after irradiation.

XRD analyses on all samples show a slight increase of residual stress in compression for the

206



6.3. Contributions from the HiRadMat-42 experiment

sample at the intermediate temperature position (z = 40 mm, ∼ 1500 ◦C estimated reached

temperature), but for the other positions, no relevant changes can be noted (see figure 3.49)

before and after irradiation. Also, microhardness measurements under both microindentation

and nanoindentation did not highlight any hardening in the material even if extensive bending

was observed and despite the fact that simulations predicted a plastic strain to the order of

5-20% depending on the location for the #4Ta1 target (see figure A.1a) [213].

6.3 Contributions from the HiRadMat-42 experiment

6.3.1 First PIE

Among all tested materials in the HiRadMat-27 experiment, tantalum was the only material

that did not crack. This result motivated the set-up of the HiRadMat-42 experiment to test

this material with further irradiation. This was also the opportunity to test additional features,

like the use of EG matrix as a potential candidate to replace the actual graphite matrix present

in the AD-target. Also the examined Ta targets showed a high bending as a result of a 3rd

bending mode, which was an unexpected result of the HiRadMat-27 experiment. Based on

the lessons learned, this led to splitting the target in 10 target rods. The same procedure to

recreate equivalent conditions as in the AD-target and HiRadMat-27 experiment was followed

for this experiment. As a result, a scaled prototype of a new AD-target design was tested

in the HiRadMat-42 experiment with 47 pulses (see section 4.1.2). A neutron tomography

highlighted the presence of voids. The extraction of the targets took place followed by a

metrology campaign and the slicing of the rods to proceed with LOM, EBSD and KAM analyses

and tests under nanoindentation.

The first PIE on unsliced rods evidenced bending and swelling of the rod as a direct conse-

quence of the beam impact and subsequent deposition of energy. A direct correlation between

the maximum diameter deviation (swelling) of the rods and the rod peak temperature is ob-

served (see figure 4.8). With the impossibility of measuring the rod #4, the maximum diameter

deviation is found in rod #5 with 0.52 mm. HD photos of off-axis proton beam impacts on

the targets surfaces show a mean global offset of ∼ 590 ± 250 µm (see section 4.3). As in the

case of the HiRadMat-27 (see sections 3.4.3 and 3.4.5), the beam offset is probably the cause

of the bending of the rods. Circularity measurements highlighted the final elliptical shape of

the rods at maximum at the mid longitudinal axis position (see figure 4.9). This deformation

is attributed to the fact that the shape of the beam during the experiment was measured to

be asymmetrical, being systematically more focused on the vertical plane by 20% to 30% (see

section 4.1.3).

6.3.2 Observation of recrystallized areas

SEM, EBSD and KAM analyses highlighted partial to complete recrystallization in the central

part of the rods. Recrystallized final grains present an equiaxed shape with grain sizes varying
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from ∼ 10µm to ∼ 100µm mean diameter, suggesting grain coarsening phenomena. Complete

recrystallization on the central part took place in rods #3 to #7, while rods #2, #8 and #9 showed

a start of partial recrystallization at the grain boundaries. FE simulations repeated on several

pulses to account for the temperature build-up effect (see figure 4.2) predict that the rod #2

was exposed to temperature of ∼ 1600 ◦C during maximum 0.2 s, which was not sufficient to

have full recrystallization. On the contrary, rod #4 was exposed to temperature of ∼ 1600 ◦C

and ∼ 2000 ◦C during maximum 4 s and 2 s, respectively and presented a full recrystallization.

This resulting recrystallization is attributed mainly to a pure classical temperature induced

effect (depending on time and temperature), rather than a pressure and strain induced effect.

This interpretation is supported by several factors. The obtained results are in agreement

with those in published works. EBSD coupled to SEM in situ annealing tests performed on

high/purity Ta deformed sample showed a significant recrystallization fraction after only 2 s

at ∼ 1030 ◦C, followed by grain coarsening [246]. In the case of the HiRadMat-42 experiment,

temperatures and exposure time are longer. No recrystallization was observed in Ta samples

from the HiRadMat-27 experiment (see section 3.9.2), which experimented the same pulse

intensity. The pulse length was too long (close to 1 µs) and the reached maximum pressure

relatively small (< 10 GPa) to support the idea that shock-hardening effect could have taken

place during the experiment (see section 1.4.2) [25, 106]. XRD internal stress measurements

do not highlight any relevant difference between the unirradiated and the irradiated samples

(see figure 4.22). The obtained results are within the margin of error of the measurements.

6.3.3 Thermal softening

Microhardness measurements under nanoindentation from the center to the rim were used

to evidence potential changes in mechanical properties as a result of induced damage due

to irradiation (see section 4.8). The rod #4 was tested because it experienced the highest

temperature and temperature gradient. The rod #9 was chosen to be tested because it revealed

the biggest voids in the neutron tomography as a result of the spalling (see figure 4.4). Both

samples show a pronounced softening in the central part of the rod, which experienced the

highest temperature and stresses state. This effect is more pronounced for sample #4-2 than

sample #9-2 (see figure 4.23). Results of the tests shall evaluated comparatively. In comparison

with measurements on the unirradiated sample under nanoindentation, the trend observed

for the irradiated samples is completely reversed. The reference sample shows higher hardness

in the center than in the rim (253±25 HV at the center against 231 HV at the rim). At the rim,

the measured hardness values differ of maximum 10% among the samples, which is much less

noticeable in comparison with the hardness values measured at the center of the rods.

6.3.4 Voids distribution

LOM and SEM observations on cross sectional and longitudinal cuts of the rods confirmed

the presence of voids observed in the neutron tomography. A large number of voids were

formed during the experiment with a broad range in size distribution (from ∼ 4 µm to
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∼ 800 µm equivalent diameter) and in space location. These results are confirmed by similar

observations realized in flyer plates for similar level of pressure [117]. The voids took a spacial

arrangement classified in two broad configurations: (i) crown arrangement of the voids, and

(ii) voids located in the central part of the rods. Qualitatively, the bigger the voids, the more

they tend to a spherical shape, while smaller voids present a "granular" and elongated aspect

(see figure 4.11).

For cross sectional samples, the two configurations present a different average total porosity.

The rods having voids spread in the shape of a "crown" have a total cross sectional porosity

smaller than the rods having their voids distributed more in their central parts: between 1.3%

to 2.4% for the crown configuration against 3.2% to 4.1% for the rods that preference developed

voids in the middle. For the crown configuration, the voids appear relatively small and in a

larger number, while for the second configuration, the voids are fewer but larger and seem to

concentrate more in the center part. There is an inverse correlation between the observed

total number of voids and the average voids area in the cross section. Rods presenting voids in

the center show also the highest scatter in term of mean voids area with large error on them.

This is a clear indication of numerous voids nucleation following by further more pronounced

void coalescence for rods #2 and #8 to #10.

6.3.5 Porosity distribution

The areas of the voids with respect to their radial and angular positions in the cross section

images were also determined. The majority of the voids are distributed within a radius range

of ≤ 2 mm. The distribution of the voids among the rods have an impact on the local resulting

porosity on the rods. A mean cross sectional porosity φ over the normalized radius position

r /r0 was calculated an average of all samples porosity for both configurations. For the crown

distribution, the porosity is concentrated between the 25% and the 50% of the total radius,

i.e. between ∼ 1 and ∼ 2 mm, and reaches a maximum mean peak value of ∼ 10 ± 3%.

Below 1 mm and above 2 mm, the porosity is almost negligible. For the rods presenting voids

distributed in their central parts, the porosity is distributed from the origin of the rod to 50%

of the radius, i. e. ∼ 2 mm. The porosity reaches roughly 20%, except in the central part of the

rod, where high discrepancy is observed.

It was expected that the void percentage per rod by the observation of the cross sectional

samples was overestimating the real void percentage. The reason was because the formation

of voids was not observed in the tip regions of the rod (see figure 4.15). Therefore, analyses

of longitudinal samples were also performed. It was possible to estimate, based on the four

obtained longitudinal samples (#7-1, #7-2, #8-1 and #8-2) that the voids were forming on

roughly 75% to 80% of the total length of the rods. Therefore, the obtained void percentages

should be lowered by these factors. Surprisingly, the measurements on the longitudinal

direction tend to confirm the porosity on the cross sectional samples. Porosity measurements

concerning half of the sample and assuming symmetry resulted in ∼ 17% and ∼ 35% porosity
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for sample #7-3 and ∼ 14.5 and ∼ 47% porosity for sample #7-4. The latter were representative

of the crown configuration. For samples presenting voids in their central parts, the mean

porosity values are ∼ 10% (maximum ∼ 21.5%) and 13.7% (maximum ∼ 27.2%) for samples #8-

3 and #8-4 within a radius r ≤∼ 2 mm. However, the number of samples cut in the longitudinal

direction did not allow for the execution of proper statistical analysis in the way it was done

for cross sectional samples.

6.3.6 Limitation of the analysis

The analysis presented for the HiRadMat-42 experiment present some limitations. There is a

limited number of sliced samples which provides a void distribution statistics. This provides

only a partial view of the total porosity given by one sample at one particular longitudinal

position z, since the porosity is evaluated from the 2D cross sectional area of the sample.

The analysis of the samples cut in the longitudinal direction provides a better insight of the

void distribution along the z-axis, but once again, the number of samples is limited. The

exact position of the cut is also unknown, since the error on the cut location was estimated

at ±1.5 mm (see section 4.4). A better precision measurement of the porosity reached in the

rods after the experiment could be obtained by other measurement methods, such as the

characterization of the 3D porosity, especially those based on computed tomography [247,

248]. The use of such methods would have required more time, since they were not directly

available in our laboratory. A 2D evaluation of the porosity was easier to implement as a first

step.

The temperature reached in the samples is given by FE simulations, but the latter were not

benchmarked by precise measurements of temperature in the samples during the experiment.

These measurements were quite impossible to carry out. Therefore, results of time exposure

and temperature rely on some uncertainties to be implemented in the simulations, such as the

exact TCC (Thermal Contact Conductance) between the Ta cores and EG matrix for example.

These could have led to a few uncertainties like the observation of partial recrystallized area

in the central part of the rod #7 (see figure 4.12), when the latter was predicted to be fully

recrystallized. The distribution of the voids is not explained in details. The non-homogeneous

distribution, size and space location of the voids indicate that the conditions for the devel-

opment of these voids are fulfilled at some locations in the rod. The latter are linked to the

cycling loading conditions reached in each rod, which is different for each of them. The use of

FE models is required to properly describe in detail the conditions at which this spalling has

occurred, by linking simulations results with the PIE. The cause for the formation of this voids

is expected to be similar as the one of in the experiment of flyer plates [117]: localized stress

amplitude exceeding the local tensile strength of the material resulting in voids nucleation,

growth and coalescence (spall) [249, 250]. However, this goal is out of the scope of this PhD,

which is focused mainly on the experimental part of these experiments. The latter study is

currently ongoing in the group at CERN [214, 215].
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6.4 Contributions from the analyses of one spent AD-target

6.4.1 Target identification

One spent AD-target containing an iridium core was identified among the spent AD-targets

stored at CERN. The identification of the target was made possible thanks to the analysis of

the design of the retained target to be opened and its comparison with the drawings of the

targets. The neutron radiography confirmed the presence of iridium inside the target, but

the identification of which of the three original Ir core configurations was not possible (see

section 5.5). Furthermore, it was possible to see that the Ir core was broken thanks to the

neutron radiography (see figure 5.3).

6.4.2 Irradiation during operation

Based on the history operations [225] (see section 5.6), it is estimated that the target has

experienced 1.8 million pulses, which represents 5-6 orders of magnitude more than the

number of pulses sent on the HiRadMat experiments. The pot are estimated to be 1.6 ·1019.

Despite the fact that the precise history of the target was not found in the archives, an error of

the estimation of the number of pot would not change much the conclusions of the analyses,

given the difference in order of magnitude.

10 years after the end of operation, a residual dose rate measurements of 7.7 mSv/h was

measured at contact on the nose of the external titanium alloy body. Solutions were provided

at CERN in order to open the target in a C-class laboratory (see appendix K.1). However,

radioactive inventory calculations highlighted the production in high quantity in iridium of

the Gd-148 (a volatile α-emitter) and 3H in graphite (see section 5.6). Both required the use of

a A-class laboratory to handle the target and perform the analyses.

6.4.3 Disassembly of the target

The disassembly of the AD-target and the characterization of the state of the Ir target core,

together with the graphite matrix and the two Ti-windows were performed at Framatome

GmbH [172] (see section 5.7). The opening of a spent AD-target with highly irradiated iridium

samples represents a unique opportunity for the analysis of iridium which has suffered from

both highly dynamic stresses and irradiation damage. The years of operation of the AD-target

has a huge impact on its components. The state of the Ir-core and the graphite parts which

covers the Ir-core are heavily altered.

Assuming that the core was made of several Ir single rods (see section 5.2), no parts were

distinguishable or separated any more in the spent target. This indicates that joining (through

melting or sintering) took place in the core of the target during the operations. This result

is in line with the observations made on the #12Ir3 target of the HiRadMat-27 experiment

located in the center of the rod after one pulse only, where local rounded shapes of materi-
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als were observed on fracture surfaces, typical of temperature excursion above the melting

temperature (see section 3.9.6). There are clear indications that the graphite parts exhibited

temperatures and pressures sufficient to cause plastic flow of the graphite. The changes of

geometry at the inner surface of the graphite matrix (see figures 5.10 and 5.11) suggest that

the latter experienced a temperature sufficiently high to degrade the strength of the graphite,

i.e. temperatures above 2000 ◦C (see section 5.8.2).

The iridium core material was found to be in a state that could be described as sintered frag-

ments (several micrometers to several millimeters). However, the bonding of single fragments

was poor so a handling of each individual fragment was not feasible. The present state also

had an impact on the examination scope and radiation protection measures since the low

cohesion between the fragments caused potential detachment and spread of the radioactive

material. Therefore, the analysis activities had to be adapted to the real state of the iridium

core.

6.4.4 Results of nanoindentation tests

The hardness and the E modulus of the Ir-core were examined, and revealed a degradation

in comparison to the unirradiated hot drawn material state. Quasistatic nanoindentation

examination of unirradiated iridium shows a decrease of the hardness measurement HI T with

higher loads, from 6.63±0.23 GPa at 50 mN to 5.46±0.12 GPa (see figure 5.14). The latter

present hardness values lower than the nanoindentation tests performed on a similar sample

at the PSI (see section 3.11.1), but test measurements on a radial line gave values more in

line with the expected measurements obtained at the PSI (see figure 5.16). Measurements

of the E modulus resulted in 546±45 GPa for the unirradiated sample, which is in line with

published works (see table 3.5). Nanohardness measurements were performed on a sample

extracted from the AD-target. Microindentation was not possible due to poor mechanical

stability of the sample and the risk of contamination. The microstructure of the iridium core

of the spent AD-target before its irradiation is completely unknown. However, due the high

number of irradiation and temperature cycles, we can reasonably assume that the original

temper state has piratically no influence of the final results. Quasistatic nanoindentation

examination shows a difference of ∼ 2 GPa of hardness HI T in comparison to the unirradiated

iridium under applied loads of 50 mN and 100 mN. A radical drop of the HI T down to 3 GPa

is observed with higher applied load (500 mN). The measurement of the E modulus on the

irradiated sample resulted in a radical drop of on average 245 GPa, 130 GPa and 66 GPa under

applied load of 50 mN, 100 mN and 500 mN. The drop of both the hardness and the modulus

measurements with applied load means that they are affected by the indentation depth. This

result reflects the presence of one big pore or separation underneath the indentations, or the

existence of microporosity [228].

212



6.4. Contributions from the analyses of one spent AD-target

6.4.5 Explanations of the present state of the AD-target

The iridium in recrystallized or deformed (e.g. hot drawn) condition is expected to show a

combination of the fracture modes, both intergranular and transgranular cleavage fracture

appearance respectively [71]. The fracture surfaces present in the AD-target sample appear to

be mainly intergranular but do not show a smooth plane appearance as in case of recrystallized

condition. One possible explanation is that as in case of pure recrystallized iridium impurities

enrichment takes place on the grain boundaries [67, 72, 73]. Thereby, the source of the

impurities could be intrinsic, diffusion from the grain volume to the grain boundary, or external

from the reaction with graphite or impurities present in the graphite. It can also be supposed

that the alternating stress waves and temperature gradients lead to alternating separation and

subsequent re-fusion of the single, or multiple grains. Both macro and microscopic fractures

over the whole length of the core are observed. On the microscopic level, the fractures present

in the AD-target appears to be mainly intergranular with "spike-like" features (see figure 5.13)

show a certain similarity to a dimple like fracture surface around the microvoids that took

place in ductile fracture for the #12Ir3 target (see figure 3.45). The main BIF mode is more

representative of fracture taking place at high temperature. This trend is in line with previous

observations made of the #12Ir3 target and with published works, since theses type of features

were reported for temperatures above 1000 ◦C already [67, 68, 85]. The estimated characteristic

resulting grain size is ≤ 100 µm, with the grain defined as a material body separated by cracks,

which does not necessary corresponds to the crystallographic grain. The origin and cause

of the multiple fine secondary cracks located on the separated grain boundaries, as shown

in figure 5.13c is not definitively understood so far. It could be discussed whether these are

microcracks, or e.g. porosity voids, generated through 3H recombination and subsequently

deformed/elongated by a macroscopic deformation of the grains [251]. A further mechanism

causing brittle cracks is hydrogen embrittlement; however no published works dealing with

this topic were found. No publications about damage induced by irradiation were found

for iridium, but studies on tungsten can provide some hints. For W, neutron irradiation

induces damage in material (dislocation loops, clustering, voids, etc.). However, above 1000 ◦C

(i.e. above 0.3Tm), dislocation lines were moving relatively freely, interacting with smaller

dislocation networks and "sweeping" out damage, even if small voids of ∼ 2 nm were still

observed at such high temperatures. Their size increases, but the number decreases at 1400 ◦C

(i.e. at 0.4Tm) [252]. Several high temperature annealing of ion irradiated materials can be

found in published works [25, 253] showing recovery effects starting from ∼ 0.3Tm . In the

case of the AD-target, the temperature went above 2000 ◦C, i.e. ∼ 0.8Tm of the iridium and

melting is also suspected. In this case, the question can legitimately be raised as to whether

the effects of irradiation on the target core, although very high (see section 5.6.2), are relevant

and can play a significant role. Even if the proton irradiation of iridium in the BLIP experiment

could offer a glimpse of the effect of irradiation on this material (see appendix O), it can be

reasonably expected that at the temperatures reached in the AD-target, all induced damage

would be swept out. Another cause of the presence of the microvoids might be a direct
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consequence of the thermally induced stress waves. A comparison with the results obtained

in the HiRadMat-27 can give several hints.

6.4.6 Origin of the drop in antiproton production

Yet, some important differences remain between the AD-target and the #12Ir3 target. Among

them is the fact that the iridium in the AD-target was confined in a graphite matrix surrounded

by a titanium shell, while the #12Ir3 target is free to expand radially, but not in the longitudinal

direction since it is held by the sample holder. Also, the #12Ir3 target received one pulse,

while the AD-target received millions of pulses. We saw that the apparition of cracks was

beneficial for the W in the short term, since the #6W1 target did not expand like the #12Ir3

target. However, this did not prevent the sample to continue cracking with the increasing pulse

intensity. A beginning of fragmentation could be observed for this same rod. Now, assuming

that this process continues for the millions of pulses characterizing the life time of a target,

we can reasonably think that the result is the sintered small and large fragments observed

in the spent AD-target (see figure 5.13). With the aid of applied loading in the target (see

section 3.1.3), since the target is confined in the matrix graphite, every infinitesimal element of

material5 is subjected to triaxial loads (radial, hoop and longitudinal stresses) at the beginning

of the loading as described in section 6.2.4 for the #12Ir3 target. Despite the fact that it is hard

to exactly predict how these loads evolve in the target, since in case of cracking and fragmenta-

tion, there is a complete redistribution of the stress and a significant loss of triaxiality, SEM

images acquired after nanoindentation tests highlighted cracking and material displacement

observed near the indents (see figure 5.22). Microporosity fraction determination on the

surface area results in a non-homogeneous microporosity distribution with values between

0% and roughly 17%. This emergence of microporosity as a consequence of the thermally

induced stress waves are likely to be the origin of the observation of the antiproton production

drop mentioned in the observation activities reports of the AD-target [28–30].

5The continuum hypothesis/assumption hinges on the concepts of a representative elementary volume, with
properties being those of the bulk material.
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7.1 Conclusions

This PhD thesis has shown the primary importance of performing PIE in order to understand

the phenomena of material damage occurring in targets. This fundamental endeavor made it

possible to understand the origin of the drop in antiproton production observed during the

first moments of operation of AD-targets at CERN. The role of the thermally induced stress

waves as a first factor of damage in the AD-target system at CERN was mentioned in previous

work, but the performed PIE confirmed this hypothesis.

A decrease in antiproton production of up to 20% was observed very rapidly after the start of

the irradiation. This drop in production was attributed to damage occurring in the core of the

AD-target. However, the origin of this damage was still unknown. It was attributed either to

thermally induced stress waves, or to the production of voids and bubbles as result of the dpa

production over the long term. The conclusion of this thesis is that, in the current regime of

the AD-target, the effects of thermally-stress waves are the dominant factor in the production

of damage in the AD-target.

Post-mortem analyses of the targets from the HiRadMat-27 and HiRadMat-42 experiments

show that this damage occurs very rapidly after only a few pulses (1 to 10 and less than 50 for the

HiRadMat-27 and HiRadMat-42 experiments, respectively). In the HiRadMat-27 experiment,

all materials (except tantalum) exhibited cracks, even for materials with the lowest density

where the deposited energy was considered to be lower. The HiRadMat-42 experiment has

shed light on the process of spalling damage that occurs for ductile materials as tantalum in

dynamic regime.

Concerning the HiRadMat-27 experiment, PIE of the targets was carried out in order to

understand the nature of the fractures formed in the materials. Variables such as temperature,

stress state, and stress strain in which these fractures occurred were given by the numerical

simulations, which allowed us to compare these results with the observations of the samples. A

comparative study made it possible to understand the obtained results. These were consistent
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with those observed in published works. A comparison between the formation of fractures

and the stress states given by hydrocodes made it possible to highlight the role of triaxiality

as a determining factor in the beginning of target fragmentation. No modification of the

microstructure was observed, either by EBSD analysis, or by hardness measurement under

microindentation and nanoindentation. This experience also helped to understand the

importance of having a target core divided into several blocks instead of having a single

block. The latter would bend under the impact of the beam. From a mechanical point of

view, the energy introduced into the targets by the proton beam is converted mainly into heat

production and initiation and propagation of fractures.

The HiRadMat-42 experiment revealed that the damage appears very quickly as spalling for a

ductile material such as tantalum. After 47 pulses, a large porosity in the shape of a crown or

in the center of the rods was formed in areas situated on the passage of the proton beam. This

can lead to a significant decrease in antiproton production in the first moments of the target’s

life if this type of target was to be constructed. The long term behavior of this material is still

unknown and deserves more attention.

The discovery of voids as a result of dynamic spalling in the HiRadMat-42 was quite a unique

and surprising result. So far, two main experimental methods were used in order to induce

this dynamic damage process at strain rates above 103 s−1: (i) flyer plate impacting a target

creating a on dynamic uniaxial strain, or (ii) laser-induced stress waves testing. This is the first

time that this kind of damage was observed in accelerator technology applications.

The opening of the AD-target has shown that the state of iridium is fragmented at several

scales (from macroscopic to microscopic). The analyses highlighted local melting of iridium

which show that the temperatures went beyond the melting point of the material. Under these

conditions, the triaxiality effect evidenced in the HiRadMat-27 and HiRadMat-42 experiments

could be at the origin of the important shattering observed in the core of the target. Under the

assumption that the effects of long term irradiation annihilate with the temperatures reached

in the material (> 0.8Tm), the effect of stress waves is then dominant in the damage process

taking place in the target core. Nanoindentation hardness measurements highlighted the

extremely porous nature of the core. The porosity measurements made on the samples show

porosity levels that could explain the observed up to 20% decrease in antiproton production.
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7.2 Perspectives

In both HiRadMat-27 and HiRadMat-42 experiments, all materials failed. At nominal intensity

recreating the conditions of the AD-target, the materials developed either fractures or spalling.

So there is not one type of material that would resist more than another in the long term. The

problem of failure observed in the materials does not come as much from a breach of the

materials themselves, but from the operating mode in the choice of the pulse intensity, length

and shape.

To preserve the materials against their failures, it would be necessary to operate at intensities

at least 10 to 20 times inferior with the current characteristics of the beam in pulse shape

and length. However, even this choice of intensity would not be a guarantee against the

failure of materials in the long term. Other factors would then have to be taken into account,

such as fatigue effect or materials embrittlement under irradiation, which is still under study

for iridium. But a drop in pulse intensity also means a proportional decrease in antiproton

production, which is to be avoided. To compensate for this decrease in antiproton production

due to a decrease in pulse intensity, it would be necessary to proportionally increase the pulse

repetition rate on the target. A decrease in intensity would limit the temperature increase.

However, that would be ignoring the temperature increase by build-up temperature effect

proportional to the pulse repetition rate. Significant cooling would be required to remove the

heat continuously provided in the system. But a thorough study of these two effects would be

necessary.

Another possibility to reduce the temperature-induced stress waves would be to increase both

the pulse length and the beam size to limit the sudden and concentrated energy deposition

that is the origin of the stress waves production. The effects of long term irradiation should

be also taken into account in this case. However, these choices of parameters would have an

impact on the collection of the antiproton by the optical system that should also be taken into

account. A combination of all these factors can be considered to find an optimum.

The current configuration of the target’s core has demonstrated its efficiency and robustness.

This configuration show to withstand over a million pulses with a maximum drop in antiproton

production of 20% according to the old reports. Iridium shatters and "pushes the graphite" in

the radial direction resulting in a "apparent density" lower than the one of iridium due to the

production of microporosity. In the HiRadMat-42 experiment, while reproducing the effects

similar to those encountered in the AD-target, tantalum shows a high porosity after ∼ 50 pulses

already. A future analysis in perspective is to investigate if the evaluation of the porosity in

3D could could be obtained from the neutron tomography [247, 248]. This would allow for a

better precision measurement of the porosity reached in the rods after the experiment.

The choice to continue with a target core in iridium would certainly be a conservative choice,

but the guarantee that the target holds more than 1 million pulses. This core configuration

also shows a high level of antiproton production efficiency. Studies similar to that presented

in figure 1.7 could be considered taking into account the porosity produced in the materials by
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assuming homogenized models. It should also be noted that the new design of the shell has

not yet been tested effectively in operation with 1 million pulses. But the numerical studies

carried out on this model demonstrate its robustness.

In parallel, the continuation of studies on alternative materials to iridium is strongly encour-

aged. The PIE on the PROTADs should already give more answers on irradiated targets with

several pulses (see figure 1.7). Another research track would be on the choice of computer

models. These have shown their limits because the implementation of the voids or micro-

porosity is not taken into account in the models. These modify the profile of the obtained

stress waves. Models exist and collaboration with the groups creating these models could be

considered in order to understand better the phenomena in question and to find solutions (if

they exist) to cancel these effects.

Finally, a serious study of the drop of antiprotons should be considered, both numerically and

experimentally (by performed a measure of the antiproton drop with time after the antiproton

target). Information regarding the drop in antiproton production (i.e. when this drop occurs,

after how many pulses, etc.) in reports is limited. Consideration of replicating such measure-

ments could shed some light on the phenomena observed. Estimate of antiproton yield for

different target materials "at source" could be performed by means of extensive FLUKA Monte

Carlo simulations integrating the observed porosity. The obtained results could be correlated

with the experimental observations of the target efficiency degradation and a quantitative

link between the antiproton production yield and the radiation induced density loss could be

better established. Preliminary simulations have been performed in this sense, but they shall

require more attention [254].
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A Results of Minimum Hydrostatic Pressure Failure Models

Figure A.1 shows the contour plot indicating the areas the suffered plastic deformation for the

#4Ta1 target, and the regions that failed according to the MHPFM for the #6W1 and #10Ir1

targets. Figure A.2 shows the MHPFM results for the #12Ir3 target.

B Manufacturer, product, quality, deliver state and purity of the dif-

ferent materials in use in the HiRadMat experiments

Manufacturer, product, quality, deliver state and purity of the different materials in use in the

HiRadMat experiments are presented in table B.1.

C FIB procedure for iridium

The figure C.3 shows the iridium sample preparation protocol by FIB milling [255], and an ex-

ample of obtained areas on sample #8 from the irradiated iridium rod #11Ir2 of the HiRadMat-

27 experiment.

D Additional optical microstructure observations of original mate-

rials

The figure D.4 shows optical microstructure observations of original Mo-based materials "as

received" from Plansee: on the top, pure molybdenum (figures (a) to (d)), on the bottom, TZM

(figures (e) to (h)). Two regions were investigated, the core region called "axis beam" (left side

of the figures, (a), (b) and (e), (f)), and the rim of the rod (right side of figures, (c), (d) and (g),

(h)), called "rim region".

The figure D.5 shows optical microstructure observations of original W-based materials "as

received" from Plansee: on the top, pure tungsten (figures (a) to (d)), on the bottom, tung-

sten La2O3 (figures (e) to (h)). Two regions were investigated, the core region called "axis
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(a)

(b)

(c)

Figure A.1 – (a) For the #4Ta1 target, contour plot indicating the areas that suffered plastic deformation
(in red) at the 2nd irradiation intensity (2.15 ·1011 ppp). (b) For the #6W1 target, contour plot predicting
the failed region with a MHPFM benchmarked at Pmi n = −850 MPa at the 2nd irradiation intensity
(2.17 ·1011 ppp), (c) For the #10Ir1 target, contour plot predicting the failed region with a MHPFM
benchmarked at Pmi n =−900 MPa at the 2nd irradiation intensity (2.22 ·1011 ppp). Pictures with the
courtesy of Torregrosa [10].

Figure A.2 – For the #12Ir3 target, contour plot predicting the failed region with a MHPFM bench-
marked at Pmi n =−1.4 GPa at the irradiation intensity of 1.71 ·1012 ppp). Pictures with the courtesy of
Torregrosa [10].
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D. Additional optical microstructure observations of original materials

(a)

(b)

Figure C.3 – (a) Iridium sample preparation protocol by FIB milling [255]. (b) Example of FIBed areas
on sample #8 from irradiated iridium rod #11Ir2 from the HiRadMat-27 experiment.
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Material Iridium Tantalum Molybdemum TZM Tungsten Tungsten La2O3

Manufacturer Goodfellow Plansee
Symbol Ir Ta Mo Ti-Zr-Mo W La2O3-W
Product Ir rod Ta (M) rod Mo rod TZM rod W rod WL10 rod

Quality
(%wt, min)

Pure
>99.9 %

Melted (M) pre-
materials ingots

>99.95 %

Pure
>99.97 %

0.40-0.55 % Ti
0.06-0.12 % Zr

Rest Mo

Pure
>99.97 %

0.9-1.1 % La2O3

dopant
Rest W

Delivery state as drawn cold worked annealed annealed annealed cold worked
Purity (ppm, max)
Ag n/a n/a n/a n/a n/a n/a
Al n/a n/a 10 10 15 15
Ba n/a n/a n/a n/a n/a n/a
C n/a 30 30 100 - 400 30 30
Ca 4 n/a n/a n/a n/a n/a
Cd n/a 10 5 5 5 5
Cr 2 n/a 20 20 20 20
Cu n/a n/a 20 20 10 10
Fe 29 100 20 20 30 30
H n/a 15 10 10 5 5
Hg n/a 1 1 1 1 1
K n/a n/a 20 20 10 10
La2O3 n/a n/a n/a n/a n/a 9000 - 11000
Mg 2 n/a n/a n/a n/a n/a
Mo 11 100 rest rest 100 100
N n/a 50 10 10 5 5
Na n/a n/a n/a n/a n/a n/a
Nb n/a 400 n/a n/a n/a n/a
Ni n/a 50 10 10 20 20
O n/a 100 40 500 20 see La2O3

Os 2 n/a n/a n/a n/a n/a
Pb n/a 10 5 5 5 5
Pd 44 n/a n/a n/a n/a n/a
Pt 61 n/a n/a n/a n/a n/a
Rh n/a n/a n/a n/a n/a n/a
Ru 77 n/a n/a n/a n/a n/a
Si n/a 50 20 20 20 20
Sm 2 n/a n/a n/a n/a n/a
Ti n/a 50 n/a 4000 - 5500 n/a n/a
W 563 100 300 300 rest rest
Zr n/a n/a n/a 600 - 1200 n/a n/a

Table B.1 – Manufacturer, product, quality, deliver state and purity of the different materials in use in
the HiRadMat experiments.

beam" (left side of the figures, (a), (b) and (e), (f)), and the rim of the rod (right side of figures,

(c), (d) and (g), (h)), called "rim region".

E Drawing SPSXTAD 0042 with holes ∅1 mm

The figure E.6 shows the drawing SPSXTAD 0042 as an example of the HiRadMat-27 target

design (holes of ∅1 mm are depicted in the picture).
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E. Drawing SPSXTAD 0042 with holes ∅1 mm
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F. Summary of irradiation sequences and distribution of the 139 pulses during the
experiment

1 mm depth

1 H13

40 mm 
55 mm

Figure E.6 – Drawing SPSXTAD 0042 (holes of ∅1 mm are depicted in the picture).

F Summary of irradiation sequences and distribution of the 139 pulses

during the experiment

Summary of irradiation sequences and distribution of the 139 pulses during the experiment

are presented in table F.2.

G Beam offset and eccentricity of targets

The positions (horizontal and vertical) of all the impacted pulses were recorded during the

HiRadMat-27 experiment with the BTV. As analyzed by Torregrosa [10], there were measured

deviations of the impact position from -0.5 to 0.5 mm in the horizontal plane and from 0 to 0.8

mm in the vertical. This led to an average impact position of -0.03 mm in the horizontal plane

and of 0.34 mm in the vertical. As a result, a systematic deviation of around 0.34 mm in the

positive vertical plane was present, representing 8% of the radius of the target.

The table G.8 shows a summary of maximum eccentricity of the irradiated targets measured

after the experiment performed with a CMM [10]. Figure G.9 depicts the external shape of the

#10Ir1 target after the experiment according to measurements performed with the CMM. The

maximum eccentricity of the iridium is ∼ 5 mm. The shape of the target is compared with a

hypothetical incoming beam with a size of 1σ. With such large level of bending of the target,

the beam halo was barely impacting the rod periphery at the position along the longitudinal

axis where the deformation was maximum. The figure depicts the extreme case only reached
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Impacted pulses per target
Total intensity

(# bunches, bunch space (ns))

#1
Mo1

#2
TZM1

#3
TZM2

#4
Ta1

#5
Ta2

#6
W1

#7
W2

#8
W3

#9
W-La

#10
Ir1

#11
Ir2

#12
Ir3

#13
W-Ta

∼ 1.00 ·1011 ppp
(1 bunch)

1 2 2 2 2 2 2 - 2 2 2 - 2

∼ 2.15 ·1011 ppp
(12 bunches, 25 ns)

3 2 3 3 3 3 3 - 3 3 3 - 3

∼ 5.00 ·1011 ppp
(36 bunches, 25 ns)

3 3 3 3 3 2 1 - 3 3 1 - 3

∼ 7.00 ·1011 ppp
(36 bunches, 25 ns)

1 1 1 1 1 1 - - 1 1 - - 1

∼ 2.15 ·1011 ppp
(12 bunches, 25 ns)

1 1 1 1 1 1 1 - 1 1 1 - 1

∼ 9.20 ·1011 ppp
(36 bunches, 25 ns)

1 1 1 1 1 1 - - 1 1 - - 1

∼ 1.27 ·1012 ppp
(36 bunches, 25 ns)

1 2 - 1 - 1 - - 1 1 - - 1

∼ 1.56 ·1012 ppp
(36 bunches, 25 ns)

1 1 - 1 - 1 1 12 1 1 - 1 1

Table F.2 – Summary of irradiation sequences and distribution of the 139 pulses during the experi-
ment [10, 49].

at the end of the experiment. The deformation of the targets took place progressively during

the experiment with the gradual increase of intensity of the pulses.

Figure G.7 – (a) Representation of all the measured positions of impact on the 8 mm targets during the
experiment. (b) Zoomed region of the impacts showing an average offset of -0.03 mm and 0.34 mm in
the horizontal and vertical planes respectively (by courtesy of Torregrosa [10]).

H Additional UT inspections of HiRadMat-27 samples

The figure H.10 shows the C-Scan for the amplitude of back wall echo of the W bar. A rep-

resentation of the back wall echo for the two iridium targets #10Ir1 and #11Ir2 (first (a) and

second (b) amplitude) is depicted in figure H.11. The figure H.12 shows the representation of
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H. Additional UT inspections of HiRadMat-27 samples

Figure G.8 – Summary of maximum eccentricity of the irradiated targets measured after the experiment
(courtesy Torregrosa [10]).

Figure G.9 – (a) Reconstruction of the deformed shape of the #10Ir1 target after the experiment accord-
ing to measurements with the CMM. (b) Plot of the total eccentricity of the iridium target in comparison
with the beam impact at 1σ (by courtesy of Torregrosa [10, 47]).
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the back wall echo for the #1Mo target and the two TZM targets #2TZM1 and #3TZM2 (first (a)

and second (b) amplitude).

Figure H.10 – C-Scan for the amplitude of back wall echo of the W bar.

(a) Echo Ir rods (first amplitude). (b) Echo Ir rods (second amplitude).

Figure H.11 – Representation of the back wall echo for the two iridium targets #10Ir1 and #11Ir2 (first
(a) and second (b) amplitude).

I Acquisition and adaptation of a precision cutting machine to cut

radioactive samples

The PIE of failed targets are more complex than the examination of unirradiated materials due

to the radio-activation of the latter, following their irradiation. The interaction of the proton

beam with the target materials during the HiRadMat-27 experiment created radioactive iso-

topes inside the materials through nuclear fragmentation processes leading to the activation

of these materials.
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I. Acquisition and adaptation of a precision cutting machine to cut radioactive samples

(a) Echo TZM and Mo rods (first ampli-
tude).

(b) Echo TZM and Mo rods (second am-
plitude).

Figure H.12 – Representation of the back wall echo for the #1Mo target and the two TZM targets
#2TZM1 and #3TZM2 (first (a) and second (b) amplitude).

Sample preparation for metallographic observations, such as LOM or SEM, requires the use

of a precision cutting machine with cooling in order to avoid sample structure modification

induced by the process of cutting. Such machines were already in use at CERN for this purpose

and allowed for cutting non-activated materials. However, none of the existing machines at

CERN could be used for this task, due to the risk of radioactive contamination.

At the time of this project, no metallurgical laboratory dedicated to the investigation of acti-

vated materials and equipped with dedicated instruments existed at CERN. The workshop

in building 109 at CERN offers a dedicated area to the machining of low activated materials

with conventional techniques, and could have indeed offered a solution to the cutting of

activated materials. However, cutting tests realized with turning machine in these dedicated

zones showed that this kind of process cannot be used without introducing artifacts in the

materials [169]. Therefore, the acquisition of a dedicated machine in order to cut and prepare

radioactive materials was essential for the rest of the project.

A market analysis was performed and a call for tenders was launched with the requirements of

the HiRadMat-27 experiment as baseline [256]. The dedicated machine had to offer in priority

the possibility to cut activated high hardness materials in the form of rods with dimension

of ∅8 mm and 240 mm length. However, the main idea was also to extend to general cutting

of radioactive materials at CERN. Among the received offers, the Secotom-50 by Struers was

chosen [257].

Some changes needed to be applied to the machine in order to accommodate the cutting of

radioactive materials. The machine was put on a tray to prevent contamination in case of

liquid leaks. An aspiration system with filter plugged into a vacuum system was mandatory

to eliminate any aerosols produced during to the cutting. The cooling system was moved to
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a 50 dm3 polyethylene cask under a tray in case of leak. The lid of the precision cutting machine

was treated with a commercial hydrophobic and oleophobic ultra-thin nanocoating [258] in

order to allow contaminants such as grease, oil, lime and environmental pollutants to be easily

removed without applying abrasive agents or strong solvents. In addition, a second internal

cover lid in Plexiglas was manufactured to protect the outer cover lid of the machine in case of

explosion of the blade during cutting. This offer a double protection in case of incident. A tray

allows for the reception of the samples once the cutting is over. Operations had to take place

in the EN-STI group’s radioactive workshop (bunker) at CERN in building 867. The figure I.13

depicts the Secotom-50 by Struers installed in 867/R-R57. A cutting procedure for radioactive

materials was written, presenting the machine, the list of required equipment and tools, and

the procedure for cutting radioactive pieces [217].

Figure I.13 – Picture of the Secotom-50 by Struers installed in 867/R-R57.

J Representation of the location of the cuts for the following HiRadMat-

27 targets: #4Ta1, #2TZM1, #6W1 and #13W-Ta.

Figure J.14 shows the representation of the location of the cuts for the following HiRadMat-27

targets: #4Ta1, #2TZM1, #6W1 and #13W-Ta.

K Opening of the AD-target

K.1 Study for the potential opening of the target at CERN

Significant efforts had been put in order to open this radioactive object at CERN in a C-Class

laboratory. Several solutions for the opening have been studied, proposed and discussed with
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K. Opening of the AD-target

a) #4Ta1

b) #2TZM1

c) #6W1

d) #13W-Ta

Figure J.14 – Representation of the location of the cuts for the following HiRadMat-27 targets: #4Ta1,
#2TZM1, #6W1 and #13W-Ta.
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the Radio Protection team. A solution was retained and the project went from a conceptual

design phase to the fabrication of a mock-up, test of solutions and validation of the retained

solution ready to be implemented. However, FLUKA Monte Carlo simulations performed by

the HSE-RP revealed the presence of Gd-148 (a volatile alpha-particle emitter) above the limit

of acceptability. The target could no longer be opened at CERN in a C-class laboratory, but an

A-class laboratory with hot-cells was required.

The figure K.15 shows the selection and validation of one concept to go one with the opening

of the target together with HSE-RP and the realization of a mock-up in aluminum and titanium

and to simulate in real conditions the opening of a target at CERN.

(a) (b)

Figure K.15 – (a) Selection and validation of one concept to go one with the opening of the target
together with RP group. (b) Realization of a mock-up in aluminum and titanium and to simulate in real
conditions the opening of a target at CERN.

K.2 Price inquiry to analyze the AD-target outside CERN

PIE of a failed target turned out to be more complicated than originally foreseen due to the

activation of irradiated materials and contamination risks. The interaction of the proton beam

with targets creates radioactive isotopes inside the materials through nuclear interaction

processes, resulting in their activation and production of spallation products.

The AD-target contained large variety of different alpha, beta and gamma emitting iso-

topes [225]. An appropriate laboratory equipped with facilities (hot-cells in A-Class laboratory)

to handle radioactive items with increased dose rates and contamination risks was necessary

in order to proceed with the treatment, handling and process of the resulting samples of the

iridium core to be analyzed.

As soon as the problem was detected, a search for an alternative solution to open the target

was launched. A price inquiry was executed with the redaction of technical specification sent

to possible bidders [259]. CERN had to find a service contractor with the ability to take into

account the radiological risks of the AD-target handling and manipulation. The complete PIE

procedure took into account several aspects: target reception, handling of activated target,

disassembly, retrieval of the iridium core (and the Ti Gr5 windows), processing of the irradiated
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L. Gas Production in the AD-Target

materials, sample preparation from irradiated materials for metallographic observations,

mechanical tests (micro- and nano-indentation), together with metallography investigation

techniques, such as LOM, SEM, analysis of results. Framatome GmbH in Germany was

awarded the contract. The AD-target was sent to Framatome GmbH to benefit of the hot-cells

in order to open the AD-target and to execute the analyses.

L Gas Production in the AD-Target

The figure L.16 shows the (a) hydrogen production profile in the rod in longitudinal and radial

direction, (b) the plot of max H production along the longitudinal direction of the target rod,

(c) the helium production profile in the rod in longitudinal and radial direction, and (d) the

plot of max He production along the longitudinal direction of the target rod.

(a) (b)

(c) (d)

Figure L.16 – (a) Hydrogen production profile in the rod in longitudinal and radial direction. (b) Plot
of max H production along the longitudinal direction of the target rod. (c) Helium production profile
in the rod in longitudinal and radial direction. (d) Plot of max He production along the longitudinal
direction of the target rod.

233



Chapter 7. Conclusions and Perspectives

M Cut of the first and second windows at Framatome GmbH

The figure M.17 shows the result of second cut, separation of the second Ti-window from

the outer Ti-Shell, while the figure M.18 shows the result of third cut, separation of the first

Ti-window from the outer Ti-Shell.

Figure M.17 – Result of second cut, separation of the second Ti-window from the outer Ti-Shell.

N Unirradiated iridium, microsection, nanoindentation measure-

ment locations, overview

Unirradiated iridium, microsection, nanoindentation measurement locations, overview are

depicted in figure N.19, while figure N.20 shows the location of the test 2 for the 500 mN

measurement.

O The BLIP experiment

O.1 Introduction to the BLIP experiment

Introduction to RaDIATE collaboration

With the increase of power on proton accelerator particle sources such as target facilities,

there is also a pressing need to better understand and predict long term radiation damage

effects of structural window and target materials. In this framework, CERN joined in 2017

the RaDIATE (Radiation Damage In Accelerator Target Environments) collaboration [260].

Many institutes research in the domain of accelerator, such as Fermilab, Argonne, FRIB, BNL

(Brookhaven National Laboratory), PNNL (Pacific Northwest National Laboratory), etc. were

already members of the RaDIATE collaboration. Its final goal is to be able to predict as best

as possible operating lifetimes for materials in uses in target facilities in terms of integrated

proton fluence for the high energy proton accelerator parameter space (e.g. temperature, dose

rate, duty factor, dynamic stress).
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O. The BLIP experiment

Figure M.18 – Result of third cut, separation of the first Ti-window from the outer Ti-Shell.
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Figure N.19 – Unirradiated iridium, microsection, nanoindentation measurement locations, overview.
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Figure N.20 – Location of the test 2 for the 500 mN measurement.

In order to achieve is final goal [260], "the RaDIATE Collaboration draws on existing expertise

in related fields in fission and fusion research [..] to formulate and implement a research

program that will apply the unique combination of facilities and expertise at participating

institutions to a broad range of high power accelerator projects of interest to the collaboration".

The broad aims are threefold:

• to generate new and useful materials data for application within the accelerator and

fission/fusion communities;

• to recruit and develop new scientific and engineering experts who can cross the bound-

aries between these communities;

• to initiate and coordinate a continuing synergy between research in these currently

disparate communities, benefiting both proton accelerator applications in science and

industry and carbon-free energy technologies."

Introduction to BLIP facility and experiment

The BLIP facility at BNL has for mission to produce medical isotope using 116 MeV primary

proton beams [261, 262]. It delivers a rastered beam with peak current of 165 µA and fluence of

7×1013 p/cm2 (3 cm diameter footprint) to isotope targets. However, the BNL Linac is capable

to deliver protons up to 200 MeV. Therefore, it is possible to operate BLIP at higher energies

and in tandem with material targets upstream of the isotope targets. In this operating mode,

the optimal beam energy and proton flux still need to be delivered to the downstream isotope

targets preserving isotope yield. This can be achieved by selecting some target materials with

defined parameters (such as the thickness, the Z number of the materials, etc. through which

the proton beam is passing) responsible for the degradation of the initial beam energy. Taking

also into account the type of tests to be performed after irradiation, significant fine tuning

and multiple sensitivity studies were performed to optimize and configure samples size, the

sample configuration inside the capsule and the final target array composition.
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One big advantage of the BLIP experiment is that is offers a unique opportunity to irradiate

materials with protons with energies above 100 MeV. Indeed, reactor materials studies with

neutron flux with energies between 1 to 14 MeV are limited in relevant to targetery systems.

Effects from low energy neutron irradiation do not equal effects from high energy proton

irradiation. Typical obtained irradiation parameters are summarized in table O.3 between

proton irradiation (Ep+ ≥ 100 MeV) and neutron irradiation (1 ≤ En ≤ 14 MeV). For proton

irradiation, the obtained dpa rate and gas production are higher by a factor two at least [263].

Irradiation
source

dpa rate
(dpa/s)

He gas production
(appm/dpa)

Irradiation Temp.
(°C)

Mixed spectrum
fission reactor

3×10−7 1×10−1 200−600

Fusion reactor 1×10−6 1×101 400−1000
High energy
proton beam

6×10−3 1×103 100−800

Table O.3 – Typical irradiation parameters between proton irradiation (Ep+ ≥ 100 MeV) and neutron
irradiation (1 ≤ En ≤ 14 MeV) obtained in irradiated materials.

Framework and Objectives

In the context explained above, CERN had the possibility of irradiating materials in the proton

line of the BLIP facility at BNL [261]. The BLIP experiment will complement the long term

radiation damage effect on materials (such as iridium, TZM, Ta-2.5%W, etc.) used for targets

and dumps application like the AD-target or the BDF target for example. Results obtained

from the BLIP irradiation campaign will provide important knowledge on the mechanical

and thermal behavior of materials of interest. Irradiation of target materials, such as iridium,

have never been realized before and present a unique opportunity to gain knowledge of such

materials.

The main objectives for CERN were to re-design a new irradiation capsule in order to ac-

commodate the samples and to send the capsules to BNL for irradiation. Additionally, PIE

works had to be defined prior to the irradiation. A complete PIE procedure had to be written

taking into account several aspects: capsules reception and handling of activated capsules,

disassembly, mechanical and thermal tests and metallographic observations.

All the information presented here is well documented and summarized in CERN EDMS [264–

266]. The reader can refer to these documents for more details.
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O. The BLIP experiment

O.2 Experimental procedure

Radiate irradiation run

Various materials relevant to the participating institutions have been irradiated up to 8 weeks

in the framework of the RaDIATE collaboration. The target box arrangement in the BLIP

beamline, containing various materials just upstream of the isotope target box, is depicted in

figure O.21 [261]. The target box was configured in order to degrade the 181 MeV incoming

Linac beam to the exact energy required for optimal isotope production. Each material type is

enclosed in their individual stainless steel capsule, separated in series by a 2.5 mm wide gap

of flowing cooling water.

Figure O.21 – Targets arrangement in BLIP beam line [261].

This activity required to conceive a new design of the capsule by optimizing the e-beam

welding process, to order the samples and materials for the encapsulation fabrication, to

assemble the capsule and to send it to BNL for irradiation. Up to three capsules have been built

shared between two runs. Several samples have been irradiated, such as iridium, TZM, copper-

alloy, Ta-2.5W (tantalum with 2.5% tungsten alloy) or Si samples provided insight for the

behavior of materials under proton irradiation used for future BIDs at CERN. The irradiation

of the first two capsules successfully took place in July 2017 at BNL. Finally, the success of the

first BLIP test campaign led to the realization of a second irradiation test campaign completed

in March 2018. The different runs, capsule configurations, time of irradiation and pot are

summarized in table O.4 [267]. The BLIP run #1 comprises two irradiated phases where

capsules could be swapped.

Capsule fabrication

The project required to assemble up to 120 samples of materials in a 65 mm diameter per

1.5 mm thickness capsule with the precision of few microns (< 10 microns) together with the

fact that the rim layer of the capsule had to be has thin as possible to interfere as little as
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Capsule name
CERN High-Z Capsule

(High-Z CERN)
CERN Silicon Capsule

(Si CERN)
CERN High-Z Capsule II

(High-Z II CERN)

Irradiated materials
and
associated experiments

Iridium (AD)
TZM (BDF)

CuCrZr
(SPS internal dump)

PGS graphite

Silicon (SPS internal dump)
SiC-coated graphite

(KEK muon production target)
Sigraflex® graphite

Ta-2.5W (BDF)
Mo-coated CFC and

Mo-coated MoGr.
(materials for collimators)

Monocrystalline Si
(Crystal collimation)

PGS graphite
Run BLIP Run #1 BLIP Run #2
Capsule position
in the array

6 3 3

Irradiation phases 2 1,2 3
Weeks of irradiation 1.8 3.15 4.7
POT 1.03E+21 1.76E+21 2.81E+21
Completed irradiation July 2017 March 2018

Table O.4 – Capsule configurations, different runs, time of irradiation and POT for the BLIP irradiation
campaign.

possible with the incoming proton beam. Due to the high hardness of the selected materials

to be tested, EDM wire cutting was used as manufacturing method to machine the samples to

the desired dimensions.

A dimension of 0.3 mm has been retained as maximum thickness for the capsule window.

A capsule consisted of two pieces (the capsule itself and the cover) made of 316LN and EB

welded together. For both pieces, a 65 mm and 0.3 mm thickness window was obtained

by direct machining from raw material to obtain a window attached to a ring in one piece.

Once the pieces were machined, a stress relieve process was achieved by annealing (650 °C

during 2 h). The quality of the EB welds located in the capsules has previously been checked

on a prototype. The overall quality of the weld surfaces was first observed by LOM followed

by the cut of transverse section to be studied by metallography. The welds were checked and

evaluated following the standard ISO 13919-1, ISO 5817 and quality criteria based on CERN

experience [268]. The main difficulty was to execute the EB welding on a small window of

65 mm diameter and 0.3 mm thickness without residual deformation of the capsule after

welding. Tight tolerances had to be achieved: a maximum of 15 microns in diameter was

allowed between the 65 mm diameter of the capsule ring and the cover ring. Together with the

machining of lips, these tight dimensions would prevent the capsule from deforming due to

the process of the EB welding. Therefore, quality control methods were crucial for the success

of the project. Samples and capsules pieces were initially one-by-one dimensionally checked

at in metrology at CERN to control the quality of manufactured pieces. Several techniques

of dimensions’ control were implemented: from high-technology control method such as

laser, by way of control column, to simpler methods such as electronic gauging. Controls were

repeated at each step of the assembly until final EB welding.

Tests under vacuum and helium pressure were applied to verify the sealing of the capsule. All

tests were successful and the capsules with the samples inside were sent to BNL for irradiation.
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O. The BLIP experiment

High-Z Capsule

The high-Z capsule, enclosed in vacuum, contained 40 samples of iridium (long term irradia-

tion studies for AD-target project), 40 samples of TZM (candidate material for SHiP (Search for

Hidden Particles) targets), as well as 40 samples of CuCrZr specimens (studies for the SPS inter-

nal dump). Figure O.22 shows a sketch of the bend specimen layers for the different materials

and a picture of the capsule during its assembly. Due to the high density of the materials, this

capsule was only irradiated for two weeks in order to minimize the residual dose rate and stay

below limits for handling and transportation purposes. In addition, the proton budget allowed

for our materials (<10 MeV/capsule) was a limiting factor for the thickness of the samples to

be irradiated. Dimensions of samples were minimized to 20×2×0.5 mm for micromechanical

testing. All samples were manufactured to be tested in 4-points bending. Sample dimensions

together with reached peak temperatures during irradiation are summarized in table O.5.

More information about the obtained temperatures can be found in section O.3.

(a) High-Z capsule configuration. (b) High-Z capsule assembly.

Figure O.22 – Sketch of the bend specimen layers arrangement for the different materials and picture
of the High-Z capsule during its assembly.

Si Capsule

The Si capsule is also vacuum-sealed and was irradiated during run #1 on the two phases

(see table O.4). Estimated peak irradiation temperatures were around 220 °C. The capsule

contains Si bend specimen and SiC-coated graphite discs, candidate materials for the CERN

SPS internal dump and KEK muon production target, respectively.

High-Z II Capsule

The high-Z II capsule is also vacuum-sealed and was irradiated during run #2 and which re-

ceived the highest number of pot (2.81E+21 total pot, see table O.4). Estimated peak irradiation

temperatures were calculated to be reasonably low (around 330 °C, see table O.5) thanks to the

systematic use of PGS (Pyrolytic Graphite Sheet) in between the materials arrays. For 4-points

bend tests, the capsule contains 40 samples of Ta-2.5%W (used as cladding material for TZM

and W blocks for BDF target) and 20 samples of monocrystalline silicon (used for crystal
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collimation). The capsule contains also 4 samples of CFC (grade: FS140) coated with 8 µm of

Molybdenum coating and 4 samples of Molybdenum-Carbide graphite (grade: Na8304Gb)

coated with 8 µm of Molybdenum coating as well. In opposition to the other samples of this

capsule that are designed to be tested in 4-points bend tests, the dimension of the samples are

20×20×1.35 mm for which the adherence of Mo on CFC or MoGr will be tested. CFC is used

as absorbing material in prima and secondary collimators. The objective of this coating is to

reduce electrical resistivity for collimators as main contributors to LHC impedance budget.

(a) High-Z II capsule configuration. (b) High-Z II capsule assembly.

Figure O.23 – 3D view of the bend specimen layers arrangement for the different materials and picture
of the High-Z II capsule during its assembly.

O.3 Experimental results

Irradiation results

To calculate the temperatures and stresses reached in each capsule and their sample materials,

thermomechanical calculations using the commercial ANSYS® Mechanical [197] FE software

have been performed. For these calculations, FLUKA Monte-Carlo code [55] was first used

to generate an input thermal heat load file coming from the irradiation. The generated file

was then mapped to the ANSYS® mesh and applied as an internal heat generation source.

The transfer from one code to the other one was realized through an APDL script [269].

The obtained values could fluctuate depending on the models used and therefore here are

presented the most reasonable retained estimations. Unfortunately, estimated values by

simulations could not be confirmed by measurements during irradiation due to the obvious

difficulty of the operation.

Relatively high temperature was reached in iridium (∼ 860 °C) during irradiation, while tem-

perature should be kept below 400 °C for CuCrZr alloy, above which mechanical properties

rapidly degrades [270]. A flexible thin 0.1 mm PGS [271] was introduced in order to improve

the thermal heat diffusion between CuCrZr and the capsule wall. PGS is a thermal interface

material that is very thin, synthetically made, has high thermal conductivity, and is made from

a highly oriented graphite polymer film. Used in primary in the field of electronics, it is ideal

for providing thermal management/heatsinking in limited spaces or to provide supplemental

heat-sinking in addition to conventional means. This material has the advantage of being
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flexible and can be cut into customized shapes. The same PGS material was used for the

high-Z II capsule with a layer in between all material arrays.

dpa calculations and gas productions were performed by means of FLUKA Monte-Carlo

simulations [264]. Reached peak dpa obtained during irradiation and gas productions are

depicted in figures O.24 and O.25, respectively. Materials are presented following the order of

table O.5. For the high-Z capsule with a pot of 1.03E+21, iridium reached an estimated peak

dpa of 0.42, while TZM reached 0.19 dpa. Ta-2.5W reached the highest obtained dpa of 0.88

for a pot of 2.81E+21 on the high-Z II capsule. Highest gas productions were mainly obtained

in thick graphite samples.

Capsule Material
Sample size

l ×w
(mm × mm)

Sample
thickness

(mm)

Peak
Temp. (°C)

high-Z Iridium 20×2 0.5 860
high-Z TZM 20×2 0.5 820
high-Z CuCrZr 20×2 0.5 230
high-Z PGS graphite ∅ 55.5 0.1 165

Si Silicon 40×2 1 220
Si SiC ∅ 9.8 0.2 220
Si Graphite ∅ 9.8 0.8 220
Si Sigraflex® graphite ∅ 55.5 2 190

high-Z II Ta-2.5W 40×2 1 270
high-Z II Mo-CFC 20×20 1.35 330
high-Z II Mo-MoGr 20×20 1.35 250
high-Z II Single crystal Si 20×2 0.5 320
high-Z II PGS graphite ∅ 55.5 0.1 290

Table O.5 – Sample configuration, samples size and thickness, reached dpa and temperature during
the BLIP irradiation campaigns.

O.4 BLIP PIE

During the irradiation, the interaction of the proton beam with targets and dumps creates

radioactive isotopes inside the materials through nuclear fragmentation processes, resulting

in their activation. After irradiation, a sufficient cooling time is necessary in order to proceed

with the treatment, handling and process of the samples. The capsules were shipped to the

various institutions of the RaDIATE collaboration for the PIE works. Thus, a cooling time of

the capsules to meet Type A radioactive shipment was required. PIE will characterize strength,

thermal and microstructural material property changes due to radiation damage effects.

Together with the fact of coping with brittle materials and the little available space inside the

capsule, micromechanical methods was retained for material testing. For 4-points bending

tests, in accordance with the available proton budget (see section O.2), the design and di-
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Figure O.24 – Reached dpa in irradiated CERN BLIP materials.

Figure O.25 – Peak gas production rate in irradiated CERN BLIP materials.
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mensions of the samples were chosen to accommodate the ASTM E-1820 and ASTM E-399

standards as guideline for the test campaign.

Required mechanical tests to be performed of the irradiated samples, sample preparation

for metallographic observations, metallography investigation techniques to be used (such

as LOM, SEM), thermal tests on flexible graphite and required analysis of results have been

all documented in details in a PIE technical specification procedure [272]. For CERN, all PIE

works of the specimens will be performed at PNNL. The Si capsule was opened early 2018. For

both high-Z and high-Z II capsules, PIE works are foreseen to start during the year 2020.
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