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Synopsis

This Ph.D work focuses the characterization of alumina (Al2O3) ceramic coating as barrier

against hydrogen permeation and corrosion in heavy liquid metals as well as the development

of custom made Atomic Layer Deposition facility. The study is of particular relevance on the

development of the advanced nuclear fusion DEMO reactor.

One of the major bottleneck for the development of DEMO breeding blanket is the degradation

of candidate structural steels (ferritic-martensitic eurofer97) at high temperature by means of

corrosion and tritium permeation. The most promising route available for an attempt to reduce

hydrogen permeation and mitigate corrosion attack is the application of surface ceramic coat-

ings. Al2O3 is considered from the seventies the major barrier candidate, thanks to its chemical

inertia in heavy liquid metal and stability even at high temperature.

In order to meet requirements, a room temperature PLD process is proposed along with a

custom made ALD facility, according to a bottom-up approach. Eurofer97 disks are covered

starting with di�erent morphologies and �nally focused on compact and dense amorphous alu-

mina. Performances as hydrogen permeation barrier are tested in PERI II facility up to 923K

obtaining a promising PRF result close to 105. Short-term (1000h) corrosion tests in static eu-

tectic Pb-16Li at 873K are performed at ENEA Brasimone. SEM analysis reveal that compact

amorphous alumina performs as barrier against corrosion-dissolution by heavy liquid metals.

Characterization of the PLD-grown coating is also performed by SEM and AFM analysis.

Also, development of a custom made ALD is carried out. Set up of fundamental parameters

in order to de�ne the so called ALD regime are de�ned for the most common metal oxides,

namely alumina and titania. A �rst of kind thermal cycle tests in air demonstrate the adhesion

and barrier potential of alumina grown by ALD.

This thesis is structured as follow: Chapter 1 introduces fusion reactors design with a focus on

breeding blanket materials challenge. Chapter 2 details the main relevant phenoma in breed-

ing blankets such as gaseous permeation and corrosion by heavy liquid metals. Chapter 3 is

devoted to describe the Ph.D. work results for the ceramic coating on eurofer97 steels and the

development of the ALD facility. In Chapter 4 conclusions and remarks. Chapter 5 describes

materials and method used in this Ph.D work.

vi
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Introduction
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Chapter 1

1.1 Introduction

The access to reliable and a�ordable energy is thought of as crucial to worldwide economic

prosperity and stability. Today, nuclear power is totally provided by �ssion reactors providing

about 11% of the global demand of electricity. The most di�use reactor design worldwide is

the Pressurized Water Reactor (PWR), accounting for two-thirds of the installed capacity,

follows by Boiling Water Reactor (BWR) and Pressurized Heavy Water Reactor (PHWR or

CANDU).[1, 2]

A long term electrical energy production needs economical and ecological sustainable energy re-

sources. Among the variety of renewable energy resources (e.g. wind, photovoltaic, geothermal

and hydrogen) two nuclear technologies are able to achieve all these requirements:

• Generation IV (GIV), fast �ssion reactors.

• Fusion reactors.

In fact, according to the 2015 United Nation Climate Change Conference - COP 21

or CMP 21, held from 30th November 2015 to 12th December 2015 in Paris, nuclear power

will play a central role in green house reducing and future energy sustainability.

Over the past decade, the scienti�c community has explored six particularly appealing advanced

designs as potential Generation IV fast �ssion reactors.[3�5].

The concepts selected are:

• Super-critical Water-Cooled Reactor (SCWR)

• Sodium Fast Reactor (SFR)

• Lead Fast Reactor (LFR)

• Very-High Temperature Reactor (VHTR)

• Gas Fast Reactor (GFR)

• Molten Salt Reactor (MSR)

Nuclear fusion systems o�er the possibility of an inexhaustible energy source. It has

many potential advantages as compared to nuclear �ssion system, such as[6�8]:

• Higher e�ciency: The basic fusion reactions are more energetic than the �ssion reac-

tions and light nuclei are plentiful and easy to obtain.

• Safe and controllable: In case of accident (e.g. LOCA) reaction can be stopped without
fuel melting risks.

• More environmental acceptable: Fusion products are usually light, stable nuclei

rather than heavy radioactive ones.

Today, the nuclear fusion of a deuteron, (2H), and a triton, (3H), is considered to be the

most promising reaction (2H +3H →3 He+ n) for a commercial fusion power plant, thanks to

its highest cross-section at lower energies, as shown in �gure 1.1.
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Chapter 1

Figure 1.1: Fusion reactions cross sections versus center-of-mass energy for reactions. The curve DD represents
the sum of the cross sections of the various branches of the reaction. Cross section is expressed in barn. 1 barn
is equal to 10−24 cm2.[8]

Figure 1.2: Temperature and DPA requirement for structural materials for future concept nuclear reactors.
The dimensions of the rectangles de�ne the ranges of temperature and dpa for each reactor design.[9]

Nuclear fusion reaction occurs only overcoming the Coulomb repulsion (temperatures of

plasma of about 20 KeV, corresponding to 2 108 K are required) in order to bring the two

nuclei close enough (about 10−14 - 10−15 m). Energy from fusion power will be extracted from

14.1 MeV kinetic energy of neutrons as product of deuterium-tritium fusion reactions. Thus,

this energy should be adsorbed, e�ciently channeled and eventually used for the generation

of electricity by conventional scheme of a thermal power plant. Unfortunately, as shown in

�gure 1.2, all GIV designs and fusion design require an aggravation of the operating conditions

(respect to the current technologies) in term of operating temperatures and radiation damage

levels (quanti�ed by the international parameter Displacement per Atom or dpa).[9�12]
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Chapter 1

Thus, the development of GIV and fusion systems depend to the successful resolution of

several materials challenges.

1.2 Thermonuclear reactor

At the required energy to induce fusion, the atoms of a gas are stripped of their electrons

forming a highly ionized gas described as plasma. Furthermore, the �rst step for a fusion

reactor is to con�ne the internal energy of the plasma for a su�cient time, τE , to obtain a

balance between the power output from the fusion reactions and the power input to make the

reaction possible. This condition of breakeven is denote as Lawson's criterion, which, for the

D-T reaction, is:

nτE ≥ 6 1019 [s m−3] (1.1)

Where n is the plasma density at temperature of 10 keV. Since the temperature related

to the kinetic energy of nuclei is over 108 K (mean particle kinetic energies of 10 keV), thus

a physical plasma con�nement is impossible. Actually, in the last decade two strategies are

developed, in particular:

• Magnetic con�nement.

• Inertial con�nement.

In Inertial con�nement a tiny pellet containing deuterium and tritium is suddenly struck

with an intense laser pulse that both heats the pellet and compresses it to high density (up to

n ∼ 1024 [nuclei cm−3]).

The aim of inertial con�nement is to achieve densities and temperatures that are high

enough that fusion can occur before the pellet simply expands and blows apart. Considering

the Lawson's criterion for D-T fusion reaction and expanding time in the range of 10−9 the

con�nement time must be at least the same. The sequence of processes in laser-driven fusion

might be as follows: a pellet is injected into the reactor and simultaneously struck from many

directions by an intense laser pulses. The outer layer of the pellet is vaporized and forms a

plasma, which continues to absorb the laser radiation. At this point plasma itself is uncon�ned

and it rapidly ablates, which drives a compressional �shock�wave back into the remaining pellet.

This wave compresses and heats the core of pellet to the point at which thermonuclear ignition

can occur, as shown in �gure 1.3

Magnetic con�nement con�nes plasma by means of the interaction with charged par-

ticles of plasma itself with a carefully design magnetic �elds. The con�nement plasma time

in the order of second and according to Lawson's criterion the thermonuclear plasma density

must be in the order of 1014 [nuclei cm−3]. At present, the closed magnetic systems, Tokamak

con�guration, have been regarded as the most promising means for plasma con�nement for

ITER (International Thermonuclear Reactor) and DEMO (DEMOstrator reactor). Tokamak

con�guration is characterized by axial symmetric closed magnetic surfaces traced out by mag-

netic �eld lines, which �ll the surface itself ergodically. A plasma ion spirals along a line of

the magnetic �eld until it is remove by collision with another object. Figure 1.4 resumes the

magnetic con�guration of a typical tokamak reactor design.
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Figure 1.3: Sequence of stages in inertial con�nement fusion: a)irradiation of fuel pellet by lasers or ion
beams;b)formation of plasma atmosphere;c)additional external radiation adsorption;d)ablation and resulting
imploding shock wave;e)shock wave conpressing core;f)ignition of core;g)burn propagating outward.[14]

Figure 1.4: a)Magnetic �elds con�guration for a Tokamak reactor design.[13];b)A toroidal �eld is produced by
a winding of coils and poloidal �eld is prouced by an axial current. (The current is of the order of a few MA.
The use of transformer requires the tokamak to operate in a pulsed mode) The resulting of toroidal and poloidal
�elds is an helix, called tokamak, through which the ions can travel in closed orbits.[8]

Within the European fusion development scenario, DEMO will be the key device for meeting

the following milestones:

• Quali�cation of materials: up to 120 - 150 dpa for �rst wall (blanket materials) and 40 -

60 dpa for divertor materials.

• Quali�cation of in-vessel materials: mainly welding, brazing and hipping up to 100 dpa

for blanket and 40 dpa for divertor.

• Quali�cation of tritium systems: recovery, extraction and recirculation.
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• Quali�cation of ex-vessel components and systems, such as: high temperature super-

conductors and balance of plant components.

• Validation of vacuum vessel and blanket architecture.

• Validation of divertor functional performance.

• Validation of blanket functional performance.

In additional to meeting the above milestones, both DEMO and future Fusion Power Plant

will have to satisfy a number of requirements in the area of safety, public acceptance and

economics.

Currently, DEMO reactor design has not been formally selected as well as operational require-

ments. Two main di�erent DEMO design options are proposed for fusion European project:

• Near-term DEMO: is characterized of a conservative-based design deliverable in medium

term (before 2030). Its substantially based on ITER design and performance (with a Q-

value around 10) with modest power density and long pulse plasma. Near-term DEMO

has the advantage of adopting the mature and reliable technology and materials.

• Advanced DEMO: based on more optimistic physics assumptions such as high-density

power, high current drive steady-state plasma and design an reliable closed-fuel cycle.

Unfortunately, its less mature technology that induce on long term time scale construction

(not before 2050).

For both designs the performance of the materials is mandatory to the success of DEMO

design. Suitability of robust and durable materials determine the fundamental existence of

workable reactor itself and demonstrate the potential economics of fusion energy.

As well as the in-vessel components a key component for the success of fusion reactor is the

so-called Breeding Blanket. For the tokamak con�guration breeding blanket will provide

the thermal energy extraction, 80 % of the fusion energy, (and its successive conversion to

electricity) and tritium breeding in order to sustain the fusion reaction by replace the tritium

burnt in the vacuum vessel. As shown in �gure 1.5, breeding blanket is located behind the �rst

wall surrounding the vacuum vessel.

Breeding Blankets materials, as listed before in the milestones, will be subjected to a

very high neutron damage at high temperature (up to 823 K) as well as high thermal load (up

to 2 MW m−2). Several simulations are carried out to determine these parameters. For a 2,7

GWth fusion reactor, a neutron �ux over a 6 1022 n m−2 s−1 immediately behind the �rst wall

is considered, that correspond to a damage up to 18 dpa per year of operation. Moreover 12

appm of He per dpa production ratio for transmutation must be considered.[15�17] A variety

of breeding blankets concepts has been proposed worldwide, ranging from more conservative

designs to higher-risk, highest-payo� designs for advanced DEMO and commercial fusion

reactors.

1.2.1 European breeding blankets

European breeding blankets designs are still under investigation following the European Power

Plant Physics and Technology, PPPT programme, organized within the EUROfusion

6
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Figure 1.5: Sketch of Tokamak fusion reactor design. The vacuum vessel will be surrounde of D-elements that
consist of a series of breeding blankets. For a DEMO reactor is expected from 200 to 400 breeding blankets
elements, depending on selected design

consortium.

Four di�erent design concepts are under investigation, tentatively to meet a set of DEMO

requirements such as: tritium breeding ratio (TBR), net thermal conversion e�ciency

exceeding 20%, lifetime exceeding 40000 hours and use of structural materials having

a well established properties and known to behave satisfactorily under high �uence irradiation

(described in section 1.2.2). Tritium breeding is e�ciently obtained by means of lithium fol-

lowing the the �ssion reaction 6Li + n → 4He + 4,8MeV.

Attaining a TBR over unity proves to be a challenging task, the production of one tritium atom

by the 6Li (n,α)T reaction consumes one neutron, while the D-T fusion reaction generates only

a neutron which has a probability (up to 35%) of not being available for tritium breeding (due

to absorption in structural materials or streaming through the blanket openings). To replace

neutron losses a neutron multiplier, by means of the reaction (n,2n), must be considered.

For the four European breeding blankets designs the main candidates are beryllium for solid

breeder and lead for liquid breeder designs.

Helium Cooled Pebble Bed (HCPB) breeding blanket

A blanket module consist of a RAFM steel box with a dimensions of 840mm x 1576mm x

2141mm (radial x toroidal x poloidal). HCPB module includes a U-shaped �rst wall, sti�ening

grids, box manifold, two caps at the top and the bottom and the integrated back supporting

structure. Lithium, enriched to 60% at.w, is sintered in a orto-silicate ceramic ball (Li4SiO2)

within beryllium as neutron multiplier. Sintered ball is �lled in the form of pebble beds in

the space between the cooling-sti�ening plates. Cooling of breeder units, �rst wall and box

structure is performed by means of high pressure (8 MPa) helium gas. Figure 1.13 shows a

sketch of HCPB design.[18,20�22]
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Figure 1.6: HCPB conceptual design. [21]

Helium Cooled Lithium-Lead (HCLL) breeding blanket

As the same matter of HCPB module, HCLL is a RAFM steel box within the same dimensions

and box design. Here, eutectic Pb-16Li alloy, enriched up to 90% in 6Li, is used as tritium

breeder (lithium) and neutron multiplier (lead). Cooling of the eutectic alloy, �rst wall and

box structure is provided by high pressure (8 MPa) helium gas. To extract e�ciently tritium

eutectic alloy is circulated at low velocity (few millimeters per minute). Moreover, a complex

manifold scheme is required for the circulation of both the Pb-16Li and the Helium gas as

shown in �gure 1.7.[18, 20�22]

Figure 1.7: HCLL conceptual design. [21]

Water Cooled Lithium-Lead (WCLL) breeding blanket

Water Cooled breeding blanket employs the eutectic Pb-16Li alloy for tritium breeding and

neutron multiplication as the same matter as HCLL concept. As the previous breeding blanket

design concepts, box is composed of RAFM steel with �rst wall, caps, back wall and back

supporting structure with inlet and outlet pipes for coolant and eutectic alloy. Figure 1.8

8
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provides scheme of ENEA improved WCLL design.

Figure 1.8: WCLL conceptual design. [21]

Here, cooling is provided by a pressurized water �owing in a pipes through the Pb-16Li

pool, in a similar con�guration of Pressurized Water Reactors (PWRs). (Using a well known

PWR technology, makes WCLL one of the major Breeding Blanket candidate for near-term

DEMO reactor)[18,20�22].

Dual Coolant Lithium-Lead (DCLL) breeding blanket

Dual Coolant Lithium-Lead breeding blanket uses liquid eutectic Pb-16Li as tritium and neu-

tron multiplier as well as coolant. Di�erently from WCLL and HCLL, Pb-16Li circulate at

higher velocity (up to few centimeters per second) in large channel closed inside RAFM made

steel box for removing the heat from the breeding zone. Similarly, DCLL box has the same

dimension of three last breeding blanket concepts, as shown in �gure 1.9.

Figure 1.9: DCLL conceptual design. [21]

Finally, high pressure helium gas circuit (up to 14 MPa) is used to remove heat from the

�rst wall.[18, 20�22]

In table 1.1 the mainly breeding blanket parameters are summarized.
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HCPB HCLL WCLL DCLL

Breeder Li4SiO2 Pb-16Li Pb-16Li Pb-16Li
Coolant He He H2O Self + He

Structural materials (SM) Eurofer97 Eurofer97 Eurofer97 Eurofer97
SM Tmax(K) 823 823 823 823
SMTmin(K) 573 573 538 573

Breeder Tmax(K) 1163 873 873 973
Breeder Tmin(K) 673 573 558 733
Coolant Tmax(K) 773 773 598 He: 753
Coolant Tmin(K) 523 523 538 He: 573
Coolant P(MPa) 8 8 15.5 14

TBR 1,04 1,07 1,13 1,04
Tritium production(g day−1) 356 356 356 356

Cycle η(%) 37 37 33 45
SM lifetime criteria 150 dpa-swelling 150 dpa-swelling 150 dpa-swelling 150 dpa-swelling

Table 1.1: Resuming of the mainly European breeding blankets parameters.

The minimum TBR value required for an e�ectiveness tritium self-sustain is 1.10. Thus,

the only reliable design to day is the WCLL. Another advantage of the WCLL design is the

well known PWRs technology adopted. On the contrary, as well as for HCLL and DCLL,

corrosion by interaction of high temperature heavy liquid metal and tritium permeation

from breeding zone to coolant system are the major bottlenecks on DEMO breeding blankets

developments.

1.2.2 Breeding blankets structural materials

The general environment framework for the current and future nuclear reactors, in terms of

operating temperatures and radiation damage (dpa) of the structural materials in shown is

�gure 1.2. The fusion reactors region and its conditions are fairly within reach if compared

with those predicted for the future �ssion systems (namely Generation IV).

The choice of suitable structural materials for the eutectic Pb-16Li environment remains

however the main technological issue for the breeding blankets that has to be solved to achieve

DEMO deployment. In addition to high power density, high temperatures, high dose by en-

ergetic neutron spectrum, corrosion aggressiveness and tritium permeation impose several and

special requirements to structural materials. Dimensional stability (in terms of void swelling,

thermal and irradiation creep), adequate thermal, mechanical and chemical properties, as well

as corrosion, tritium retention and liquid metal embrittlement resistance should be guaranteed

under all operating conditions. Historically, the most used materials in liquid metal fast reac-

tors (e.g. Superphenix, Phenix in France or Monjiu in Japan) is the austenitic stainless steel

AISI 316L since its good behavior under creep conditions at high temperature and its high

corrosion resistance in liquid sodium.

Austenitic stainless steels are Fe-Cr-Ni-C alloys with content of chromium between 16 and

28 wt.% and nickel between 6 and 32 wt.%. Austenitic steels have a face centered cubic (or

FCC) crystalline structure by means of the presence of nickel. Austenitic structure enhances

mechanical strength, tenacity, fatigue resistance and creep behavior.

Their main characteristic is the elevated resistance to creep and corrosion, even at high temper-

10
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ature thanks to the presence of chromium that in an oxidizing environment induces formation

of a thin and compact oxide layer. Generally, austenitic steels, the most common are the AISI

300 series (e.g AISI 304 and 304L, AISI 316 and 316L, AISI 321 and AISI 327), are though

and ductile. Under fast neutron irradiation embrittlement phenomena may occur, causing an

increase of both the ultimate and yield stress, and a reduction of the plastic resources

before rupture as shown in �gure 1.10.[23]

Figure 1.10: E�ect of neutron irradiation to 3 and 7 dpa on the engineering stress-strain curves for AISI 316LN
steel.[23]

The reduction in elongation and strain hardening capacity have been attributed to �ow

localization and strain hardening exhaustion mechanisms.[24�30] Therefore, austenitic steels,

with high nickel content, are sensitive to irradiation-swelling phenomena. In fact nickel iso-

topes, in particular Ni58 and Ni59 present high (n,α) cross section. Swelling can also give rise

to severe inter-granular embrittlement by means of the helium bubbles produced through

the neutrons reactions with α particles.

On the other hand, the Ductile Brittle Transition Temperature (or DBTT) shift is not rele-

vant, even at high irradiation dose.[31�34] The need to reduce severe swelling at high radiation

level (i.e. up to 200 dpa) leads to consider the swelling-resistant Ferritic-Martensitic steels.

Ferritic-martensitic steels with 9-12 wt.% of chromium were developed more than �fty years

ago in high temperature working systems. Then, are widely used in heaters, boiler and heat

exchangers. Compared with the well known austenitic steels, ferritic-martensitic steels show

advantages such as higher strength, improved resistance to thermal fatigue, higher

thermal conductivity, lower thermal expansion coe�cient and higher swelling resis-

tance. Ferritic-martensitic steels are body centered cubic (or BCC) crystalline structure; the

low nickel content is not su�cient to stabilized the austenitic structure at room temperature.

These alloys show the typical mechanical properties of ferritic BCC steels, but the presence of

chromium enhances its resistant in oxidizing environment. Unfortunately, under neutron irra-

diation, BCC steels show an increase of mechanical strength and consequently a reduction

in ductility, more then austenitic steels; as shown in �gure 1.11.[35]
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Figure 1.11: E�ect of neutron irradiation up to 10 dpa on the engineering stress-strain curves for ferritic-
martensitic steels at di�erent temperature. a)F82H steel; b)HT-9 steel.[35]

Moreover, neutron irradiation shifts positively their DBTT even at low doses (i.e doses as

low as 1 dpa). Then these steels might operate in the brittle zone already at the beginning

of life. Irradiation swelling resistance and lower helium embrittlement make ferritic-

martensitic steels attractive. For these reasons they are considered as the candidate structural

materials for DEMO breeding blankets.[36]

Figure 1.12: (a) Evolution of the irradiation embrittlement de�ne as DBTT shift in function of neutron dose
for eurofer97, eurofer97 HT and F82H steels. (b) Helium induce extra embrittlement.[38]

Reduction activation ferritic-martensitic1,RAFM, steels are primary candidate struc-

tural materials for the �rst wall and breeding blankets that use the liquid breeder Pb-16Li.

The 9%Cr-WVTa Eurofer97 is today the major structural material candidate for the euro-

pean DEMO project. Typical chemical composition of ferritic-martensitic candidate steels are

resumed in table 1.2 below.

Although the radiation damage resistance of eurofer97 steels is superior to that the conven-

tional ferritic-martensitic steels, low temperature irradiation hardening, embrittlement

and reduced ductility remain the limiting factors for material application in DEMO relevant

conditions.

Figures 1.12 and 1.13 underline the further needs of material development (e.g. ODS

RAFM steels) as well as new approaches in breeding blankets designs optimization.

1The successful development of a reduced-activation materials was one of the major achievement in the last
past decades. Their composition should make activation as low and quickly decaying as possible. Compared
to conventional martensitic steel which need about 2 105 years to achieve low-level waste, (8-9)Cr-(1-2)WVTa
ferritic-martensitic RAFM steels reach low-level waste already within 80-100 years.[37]
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steel C Cr Ni Mo V Nb Si Mn S P Ta Al W Cu

Eurofer97 0,11 8,95 - ≤0,001 0,2 0,0017 0,04 0,048 - 0,125 - - 1,08 -

T91 0,1 8,9 0,1 0,9 0,2 0,08 0,2 - 0,001 0,12 - 0,01 - 0,08

F82H 0,09 7,8 0,04 ≤0,01 0,16 ≤0,01 0,13 0,18 0,003 0,004 0,02 ≤0,01 2 ≤0,007
MANET II 0,11 10,3 0,65 0,58 0,19 0,14 0,18 0,85 0,004 0,005 - 0,012 - 0,01

Table 1.2: Typical chemical composition (in wt.%) of the candidate structural steels for DEMO breeding

blankets

Figure 1.13: Hardening evolution in function of neutron irradiation dose for eurofer97 and F82H steels.[38]

1.2.3 Operating temperature windows for breeding blanket structural

materials

As mention before, several phenomena occur in structural materials that modify their mechan-

ical properties during the normal operation. All of these phenomena are temperature and dose

irradiation depending. Consistently a critical analysis in materials selection is mandatory, de�n-

ing the allowable operating temperature window for structural alloys in a fusion reactor. The

lower temperature limits for ferritic-martensitic steels are due to(with a BCC structure)

radiation hardening at low temperature can lead to a large increase in the DBTT tempera-

ture.[36, 39�42]

For BCC steels radiation hardening at low temperature (i.e. below 0.3TM , where TM is the

melting point) is already pronounced for doses as low as 1 dpa.[42�44]

The amount of radiation hardening typically decreases rapidly at irradiation temperature above

0.3TM , at which radiation-induced increase of the DBTT may be considered as acceptable.

Both radiation hardening and DBTT shift appear to approach a saturation values following

low temperature irradiation to doses above 10 dpa.[45�47] Resuming, the lower operating tem-

perature limit in ferritic-martensitic steels (in general in all BCC and most of FCC alloys) is

determined by radiation embrittlement (or decrease in fracture toughness) which is gener-

ally pronounced for irradiation temperature below 0.3TM .

The upper temperature limit is determined by one of the following factors:

• thermal creep (grain boundary sliding or matrix di�usional creep).

• high temperature He embrittlement of grain boundaries.
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• cavity swelling.

• corrosion issues (coolant compatibility).

In many cases, especially for lead-cooled fast reactor, the upper temperature limit will be

determined by coolant-corrosion compatibility rather than by thermal creep or radiation e�ects.

In the case of fusion reactor conditions, He embrittlement may cause (some experimental

studies have provided evidence that fusion-relevant He generation rates may produce a further

increase in the DBTT[36]) a reduction in the upper temperature limit. However, ferritic-

martensitic steels appear to be very resistant to helium embrittlement, thanks to their bulk

matrix densities.[36,48]. In �gure 1.14 the windows temperature for the most common structural

materials proposed for fusion reactors are summarized.[49]

Figure 1.14: Operating temperature windows considering radiation damage and creep considerations

for refractory alloys, steels alloys (austenics and ferritic-martensitics), ODS and SiC and Copper alloys. The
light shaded regions on either side on the dark horizontal bands are an indication of the uncertainties in the
temperature limits.[49]

Li eutectic Pb-Li

F-M steels 550-600◦C [51�54] 450◦C [51,52,54,55]
Mo alloys above 1300◦C [56,57] 600◦C [58]

W above 1300◦C [56] 600◦C [58]
SiC 550◦C [59�61] above 800◦C [61]

Table 1.3: Maximum operating temperature of structural metal alloys in contact with liquid and heavy liquid
metals coolants.

Finally, chemical compatibility with the eutectic Pb-16Li must be considered. Chemical
compatibility issues can reduce the maximum operating temperature limits for breeding blankets
structural materials. Chemical incompatibility of iron-based alloys (i.e austenitic and ferritic-
martensitic steels) with heavy liquid metals is governed by dissolution of alloy constituents,
mainly nickel, chromium and carbon.
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Austenic and ferritic-martensitic steels are corroded rapidly (in �ow Pb-16Li at 550◦C the cor-
rosion rate of Eurofer97 steel is close to 400µm y−1.[50]) at temperature above 450-500◦C. In
table 1.3 the upper operating temperature limits based on experimental studies of corrosion in
heavy liquid metal of the main structural materials are summarized.
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Materials challenge in DEMO

relevant condition
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2.1 Gaseous di�usion

From a macroscopic point of view the law governing di�usion processes are Fick's laws. These
laws represent a continuum description and are purely phenomenological. Fick's laws describe
the di�usive transport of matter as an empirical fact without claiming that it derives from basic
concepts. More detailed physical mechanisms of di�usion in solids media is based on random
walk theory and on the atomic interaction mechanisms of di�usion.

In a general description of di�usion in solid, anisotropic media must be considered. In
particular, anisotropic media have di�erent di�usion properties in di�erent directions (i.e non
cubic single crystals, composite materials, textured poli-crystals and quasi-crystals). Anisotropy
a�ects the directional relationship between the di�usion �ux and the concentration gradient.
A generalization of Fick's �rst law is:

J = −D∇C (2.1)

Where J is the di�usion �ux, D is the di�usion coe�cient (or di�usivity) and ∇C is the
concentration gradient. This equation imply that the di�usion �ux and concentration gradient
usually point in di�erent directions. For anisotropic media di�usivity D is a tensor. Further-
more, as a consequence of the irreversibility behavior of process (Onsager's reciprocity in a
thermodynamic point of view) the di�usivity tensor is symmetric, takes the form of orthogonal
principal axes matrix:

D =

 D1 0 0

0 D2 0

0 0 D3


The majority of experiments for measurements of di�usion coe�cients and di�usion �ux are

designed in such a way that the �ow is one-dimensional and materials are substantially isotropic.

In this condition if a concentration gradient exists only in one direction and both C and ∂C
∂x are

everywhere independent of the other coordinates. Then, the Fick's �rst law can be written as:

J = −D∂C
∂x

(2.2)

The di�usion �ux J is expressed of moles traveling a unit area per unit of time [mol m−2 sec−1].

Thus the di�usivity D has the dimension of quadratic length per time [m2 sec−1].

In the time-dependent case, i.e when the di�usion �ux at every point varies with time,

combine Fick's �rst law with a materials balance is needed. In one-dimensional case, considering

an interval x and x+ ∆x, materials balance can be de�ne as:

J(x)− J(x+ ∆x) = accumulation (or loss) rate (2.3)

For in�nitesimal size of the interval the equation 2.3 can be written in in�nitesimal form as:

∂J

∂x
= −∂C

∂t
(2.4)
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Equation 2.4 is denoted as the continuity equation.

Combing equations 2.2 and 2.4:

∂C

∂t
= − ∂

∂x
(D

∂C

∂x
) (2.5)

Equation 2.5 is named di�usion equation or Fick's second law. From a mathematical

point of view di�usion equation is a second order partial di�erential equation. In general, D

depends on concentration, which is, for example, the case when di�usion occurs in a chemical

composition gradient and it cannot be solved analytically. If the di�usivity is independent of

concentration, which is the case for tracer di�usion in chemically homogenous systems (the case

of the experiments describe in this work) or for di�usion in ideal solid solutions equation 2.5

can be written as:

∂C

∂t
= −D∂

2C

∂2x
(2.6)

2.1.1 Random walk and atomic jump process

Hopping motion of atoms or molecules is an universal feature of di�usion process in solid media.

This paragraph, introduces the fundamental of random walk theory and atomic jump process.

From a microscopic point of view, di�usion occurs by the Brownian motion of atoms or

molecules inside the media. Most solids are crystalline and di�usion occurs by jumps in a

lattice. Di�usion in solids results from many displacements, R, of the di�using particles. In

a general description of the jumps process, the total displacements R of a particle is composed

of many individual displacements ri as shown in �gure 2.1.

Figure 2.1: Expample of a jump process on a lattice[62]

In a sequence of n jumps is de�ne as follow:

18



Chapter 2

R =

n∑
i=1

ri (2.7)

Considering a distribution function W (R, τ), denoting the probability that after a time

τ the di�usion particle will have traveled a path with an r-projection R, the one-dimensional

case the concentration C in a position x at the time t+ τ is given by:

C(x, t+ τ) =
∑
X

C(x−X, t)W (x, τ) (2.8)

For small values of τ end by Taylorâs expansion concentration C is can be written as:

∂C

∂t
= −〈X〉

τ

∂C

∂x
+
〈X2〉
2τ

∂2C

∂x2
(2.9)

Where the right-hand side of the equation 2.9 correspond to a drift term and the second

one to the di�usion term. Thus, in absence of driving force 〈X〉 = 0 and equation 2.9 reduces

to Fick's second law with a di�usion coe�cient:

Dx =
〈X2〉
2τ

(2.10)

Equation 2.10 relates the mean square displacement 〈X2〉 with the pertinent compo-

nent, Dx, of the di�usion coe�cient. In an isotropic media the displacement in all direction

x, , y and, z are the same, giving di�usion coe�cient equal to:

Dx =
〈R2〉
6τ

(2.11)

Equation 2.11 is denote as Einstein-Smoluchowski relation.

Expanding themean square displacement, 〈R2〉, more in detail the equation 2.7 becomes:

〈R2〉 =

n∑
i=1

〈r2i 〉+ 2

n−1∑
i=1

n∑
j+1

〈rirj〉 (2.12)

The �rst term contains squares of the individual jump lengths only. The double sum contains

averages between jump i and all subsequent jumps j . In a random walk executes in a sequence

of jumps in winch each individual jump is indipendent of all prior jump (Markov sequnce or

uncorrelated random walk )the double sum in equation 2.12 is equal to zero. These terms contain

memory e�ects also denoted as correlation e�ects. Thus, equation 2.12 without correlation

becomes:
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〈R2〉 =

n∑
i=1

〈r2i 〉 (2.13)

After a number of jumps, for example in a perfect crystal lattice, the probability distribution

for an atom will be a Gaussian, centered on the origin with a mean square displacement:

〈r2〉 = 6Dtt (2.14)

Where Dt is the tracer di�usivity. Considering the mean residence time τ on a site and a

mean square jump length 〈d2〉 di�usivity can be written as:

D =
〈d2〉
6τ

(2.15)

Considering a Bravais cubic lattice, di�usivity for a jump length d and lattice parameter a

can be de�ned as:

D = a2Γ (2.16)

Where Γ is the jump probability per unit if time toward a given site.

In a general description random walk is driven by several atomic mechanisms which are not

free of memory e�ects. In fact, di�usion in solids is often defects mediated. Here are listed the

most important di�usion mechanisms:

• Interstitial mechanism

• Vacancy mechanism

• Interstitialcy mechanism

• Interstitial-substitutional exchange mechanism

In this case when a correlation occurs the equation 2.16, that considers a perfect lattice,

must be replace by:

D = fa2Γ (2.17)

Where f is correlation factor (depending on lattice structure and geometrical parameter).

Usually, an Arrhenius law holds for the jump rate Γ:

Γ = ν0exp(−∆G

kbT
) (2.18)
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Equation 2.18 suggest how jump processes are promoted by thermal activation. As men-

tioned above, an atom moves into a neighbouring site, which could be either a neghbouring

vacancy or an interstitial site.

Figure 2.2: Di�usion black atom moves from an initial con�guration (site A) to �nal con�guration (site B)
moving through a saddle-point con�guration.[62]

The jumping atom has to squeeze between intervening lattice atoms as shown in Figure 2.2.

Thermal energy, kBT , induce oscillation of di�usion atoms around their equilibrium positions.

These oscillations are not large enough to overcome the energy barrier,GM , and the atom turns

back to its initial position. Occasionally, large oscillation result in a successful jump of di�using

atom. More in detail GM denoted the Gibbs free energy of migration of the di�usion atom.

Gibbs free energy can be written as:

GM = HM − TSM (2.19)

Where HM is the enthalpy of migration and SM is the entropy of migration.[63�72]

2.1.2 Di�usion mechanisms

As described in Sect. 2.1.1 the hopping motion of atoms is a common feature of di�usion

processes in solids. In some cases atomic jump processes are completely random (e.g if the solid

is a single crystal free of defects), in others correlation between subsequent jump is involved.

The latter is the case when jump is driven by atomic defects in solids. Real solids contain defects

which may trap di�usion atom in a variety of sites (di�erently from other atoms dissolved in

solids, the rapid di�usion of hydrogen, even at low temperatures, allows the trapping to occur

at much lower temperatures than any other dissolved atom).
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Interstitial mechanism

Generally di�usion atoms are considerably smaller than solid atoms and di�usion atoms can be

incorporated on interstitial sites of the host lattice. An interstitial di�usion atom can di�use

by jumping from one interstitial point to one of its neighbouring points. Interstitial di�usion

goes through saddle-point con�gurations. In this con�guration neighbouring solid atoms must

move aside to let the di�usion atom through. The result, when the jump is completed, is no

permanent displacement of the solid atoms remains. Figure 2.3 shows the di�usion mechanism.

Figure 2.3: Interstitial di�usion mechanism in a no-defect lattice.[62]

Interstitial mechanism is also known as direct interstitial mechanism. In fact, no defect

is needed to promote di�usion atoms jumps. This mechanism is relevant for di�usion of small

atoms such as H, C, N and O in solids.

Interstitialcy mechanism

Interstitialcy mechanisms are collective di�usion mechanism because at least two atoms move

simultaneously. This kind of mechanism occurs when di�usion atoms is nearly equal in size to

the solid atoms. Both di�usion and solid atoms move in unison, the di�usion atom replaces

an atom on a substitutional site, which then itself replaces a neighboring solid atom. Inter-

stitialcy mechanism de�nes the simplest way of self-interstitial atoms to di�use. In general,

interstitialcy di�usion has fairly high formation enthalpies compared to defects, thus is negli-

gible for thermal di�usion in solids. However, Interstitialcy di�usion of self-interstitial atoms

is important for radiation-induced di�usion. When a solid is irradiated by meas energetic

particles (e.g protons, neutrons, heavy ions and electrons) solid atoms are knocked out from

their lattice positions. The knocked-out atoms leave behind a vacancies. The atoms themselves

are deposited in the lattice to form self-interstitial atoms forming frenkel pairs athermally.

Finally, self-interstitial play a fundamental role in the di�usion of doping element in silicon.
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Vacancy mechanism

Di�usion atom is said to di�use by vacancy mechanism, when it jumps into a neighbor vacancy.

Vacancies are de�ne as thermally induce defects in metal and ionic solids and represent the

dominant di�usion mechanism. Generally, each atom of solid moves through the lattice by

making a series of exchanges with vacancies, which from time to time are in its vicinity. In

some conditions di�usion can also occur by means of aggregates of vacancies (called di-vacancies,

tri-vacancies ext.), which concentration rise more rapidly and may became signi�cant at high

temperatures.

Interstitial substitutional exchange mechanisms

A di�usion atom di�uses by interstitial mechanism can dissolve in solid lattice on both inter-

stitial and substitutional sites. If the change involves vacancies, Bi + V ⇀↽ Bs, the mechanism

is named dissociate mechanism.

If the change involves self-interstials, Bi ⇀↽ Bs +Ai, the mechanism is named kick-out mech-

anism. Figure 2.4 shows the di�usion mechanism.

Figure 2.4: Interstitial substitutional exchange mechanism di�usion. (a) Dissociative mechanism. (b) Kick-out
mechanism.[62]

Trapping

Defects in solids can be work as a trap for di�usion atoms because the interaction with defects

is higher than the interaction with solids atoms. In general, trapping sites are voids, grain

boundaries, impurity atoms, dislocations and self-trap present in the solid. Historically, trap-

ping of di�usion atoms has been interest on many striking mechanical e�ects in metals and

steels. Hydrogen, thanks to its rapid di�usion in metals, even at low temperatures, allows the
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trapping to take place at much lower temperatures than of any other di�usion atoms. Further-

more, the presence of trapped hydrogen atoms are associated to the embrittlement of many

steels and metals and the retention at high temperatures in structural materials.[63�72]

2.1.3 Isotope dependence

Considering two isotopes a andb with masses ma andmb respectively, they have di�erent di�u-

sivity in the same solid. According to the classical theory, Einstein's model for the vibration

frequencies of atoms in a solid describe a crystal as a set of independent harmonic oscillators.

Characteristic vibration frequency ν0 is inversely proportional to the square root of the mass

of the di�usion atom and the activation enthalpy is mass independent:

Da

Db
∝ ν0a
ν0b
∝
√
ma√
mb

(2.20)

Thus, heavier species di�use more slowly as shown in �gure 2.5 for hydrogen isotopes.

Figure 2.5: Di�usion of H, D, and T in Niobium. According to the equation 2.20 tritium has the lowest
di�usivity.[62]

The assumption that activation enthalpy of isotopes are mass independent is well justi�ed,

since the barrier for an atomic jump is determined by the electronic interaction and not by the

masses of the nuclei. This is only true at high temperature and for atoms heavier than Lithium.

For lighter atoms at su�ciently low temperature, such as hydrogen isotopes, quantum e�ects,

wich take into accounts the discrete nature of hydrogen energy levels (e.g zero-point vibration

and tunneling) became relevant.[63�72]

2.1.4 Hydrogen isotopes permeation models

The permeation of hydrogen isotopes through a material usually refers to the net transport of

gas from a region of high partial pressure to a region of low partial pressure.

Among the di�erent techniques to measure hydrogen isotopes permeation, the one used in this

work is the step change method in continuous �ow as describe in chapter 4 in PERI II
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section. Three basic processes occur in hydrogen isotopes permeation process (as shown in

�gure 2.6):

• Chemisorption, hydrogen molecules dissociate on the solid surface providing adsorbed

atoms which may di�use into the solid.

• Di�usion phenomena, hydrogen atoms move through the solid e/o membrane.

• Desorption, di�used hydrogen atoms recombine and are released as hydrogen molecules.

Chemisorption and desorption are also known as surface e�ects and di�usion as bulk

e�ect.

Figure 2.6: Hydrogen-Material interactions.

Generally, oxidized or contaminated surfaces tend to increase the importance of the surface

e�ects controlling the permeation process in surface-limited permeation. Moreover, if the

thickness of a sample or the pressure of a gas in contact with the membranes is reduced enough,

the permeation rate will tend to the surface-limited condition. Conversely, for a thick sample

at su�ciently high pressure, permeation will be di�usion-limited.

Di�usion-limited model

In di�usion-limited condition the characteristic time of the surface e�ects is negligible com-

pared to the time of the di�usion through the solid. Considering a membrane with thickness d

and di�usion coe�cient D that initially does not contain dissolved hydrogen. At the time t = 0

one side is pressurized with hydrogen at pressure ph setting up the hydrogen concentration at

c(d) = c0. Thus, the initial boundary conditions are:

c = 0 0 < x < d and t = 0

c = c0 x = d t > 0

c = 0 x = 0 t > 0 (2.21)
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The general solution of the di�usion equation, equation 2.9 is given by:[73]

c(x, t) = c0

(
1− x

d

)
− 2c0

π

∞∑
n=1

1

n
sin
[nπx
d

]
exp

[
−Dn

2π2

d2
t

]
(2.22)

Using the Fick's law, equation 2.1 or 2.2, the hydrogen �ux from the exit surface as a

function of time can be written as:

J(d, t) = −D ∂c

∂x
=

Dc0
d

(
1 + 2

∞∑
n=1

(−1)n exp

[
−Dn

2π2

d2
t

])

=
DKsp

1
2

h

d

(
1 + 2

∞∑
n=1

(−1)n exp

[
−Dn

2π2

d2
t

])
(2.23)

Figure 2.7: Di�erent hydrogen permeation �uxes through a membrane

Considering a thermodynamic equilibrium state, the concentration of dissolved hydrogen

atoms at the high, ceq(d), and low, ceq(0) pressure side are given by the Siverts' law (as shown

in �gure 2.7):

ceq(d) = Ksp(d)
1
2 High pressure side. (2.24)

ceq(0) = Ksp(0)
1
2 Low pressure side. (2.25)

At steady-state (i.e. considering t→∞) equation 2.23 becomes (see �gure 2.7):
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J =
P

d
p(d)

1
2 (2.26)

P is de�ne as the permeability by means of the Richardson's law as follow:

P = KsD (2.27)

Where Ks and D are Sivert's constant and di�usivity respectively. Since the latter vary

with temperature in an Arrhenius manner, than P can be written as:

P = P0 exp

[
− Ep
RT

]
(2.28)

Ep is named activation energy of permeation. Since the permeation process depend on

surface and bulk e�ects, activation energy of permeation can be divided in: Ep = Ed + Es.

Finally, the total amount of hydrogen, Q(t), which has permeated after a time t, in term of

moles of gas, can be de�ne as:

Q(t) =

∫ t

0

J(d, t′)dt′ =
Dc0
d
t− c0d

6
− 2c0d

π2

∞∑
n=1

(−1)n

n2
exp

[
−Dn

2π2

d2
t

]

=
Pp(d)

1
2

d
t− Pp(d)

1
2

6D
d− 2

Pp(d)
1
2

π2D
d

∞∑
n=1

(−1)n

n2
exp

[
−Dn

2π2

d2
t

]
(2.29)

Q(t) is usually obtained experimentally studying the pressure rising during the time consid-

ering the ideal gas law. At steady-state (i.e. considering t→∞) equation 2.60 can be written

as:

Q(t) =
Dc0
d
− c0d

6
=
Pp(d)

1
2

d
t− Pp(d)

1
2

6D
d (2.30)

The values of P and D are obtained by means of the square �tting to the experimantal data

for each permeation test using the equation 2.25 or 2.60. It also possible to de�ne P from the

steady-state considering the equation 2.61 and di�usivity, D, from the time lag (or tl), the

time at which permeation is in regime mode.

Obtained P and D Sivert's constant is determined directly from the Richardson's law 2.58.
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Surface-limited model

In surface-limited condition the characteristic time of the bulk e�ects is negligible compared

to the time of the surface processes.

Assuming instantaneous di�usion through the bulk (on the time scale of adsorption or recombi-

nation processes) any concentration gradient is negligible by meas the di�usion process. Thus,

at given time t, the hydrogen concentration c can be considered uniform inside the solid bulk

c(x, t) = c(t).

Figure 2.8: Hydrogen permeation �uxes through a solid in the surface-limited condition

As shown in �gure 2.8 the incident adsorbed hydrogen �ux is taken to be:

Ji(d) = (σk1)p(d)

Ji(0) = (σk1)′p(0) (2.31)

Where �uxes Ji(d) and Ji(0) are directly proportional to the hydrogen pressure and (σk1)

and (σk1)' are proportionality constant. In particular, k1 and k1' are named adsorption

constant, while σ and σ' are surface roughness factor de�ned as the ratio of the real area to

the geometric area of the surface.

Due to diatomic nature of the hydrogen gas, the recombination �uxes are related to the quantity

c2 and can be de�ned ad follow (see �gure 2.8):

Jr(d) = (σk2)p(d)

Jr(0) = (σk2)′p(0) (2.32)
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Here, the proportionality constants (σk2) and (σk2)' are named recombination constant.

Let us, A(m2) and V (m3) the area and the volume of the solid respectively, the variation of

hydrogen concentration with time is given by the balance of hydrogen �uxes as follow:

V
∂c

∂t
= A[Ji(d) + Ji(0)]−A[Jr(d) + Jr(0)]

= A[(σk1)p(d) + (σk1)′p(0)]−A[(σk2) + (σk2)′]c2 (2.33)

The solution of equation 2.33 considering an initial condition c(t = 0) = 0 and assuming

(σk1)p(d) >> (σk1)′p(0) is given by the following equation:[74]

cf − c
cf + c

= exp [−2abt] (2.34)

where:

a =

√
(σk1)p(d)

d

b =

√
(σk2) + (σk2)′

d

cf =
a

b
(2.35)

Here, cf de�ne the concentration at the steady-state, then cf = c(t→∞). The �ux in the

low pressure side is given by J = (σk2)′c2, then resolving equations 2.34 and 2.35 �ux can be

written as:

J(t) = (σk2)′c2f

(
1− exp [−2abt]

1 + exp [−2abt]

)2

(2.36)

At the steady-state, t→∞, equation 2.36 can be written as:

J = (σk1)

[
(σk2)′

(σk2) + (σk2)′

]
p(d) (2.37)

Finally, the total amount of hydrogen permeated per unit area at time t is given by:

Q(t) = (σk2)′c2f t−
(σk2)′c2f

ab
tanh(abt) (2.38)
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Q(t) can be obtained experimentally by means of the measure of pressure-rise during the

time by knowing its e�ective volume at the operating temperature.[75] At the thermodynamical

equilibrium (i.e. p(d) = p(0), Jr(d) = Ji(d), Jr(0) = Ji(0)) and considering equations 2.31 and

2.32 so that:

c2eq =
k1
k2
p

=

(
k1
k2

)′
p (2.39)

At the equilibrium, the concentration follows the Siverts' Law, and the relation between the

Siverts' and the phenomenological constants is found:

k1 = k2K
2
s

k′1 = k′2K
′
s (2.40)

For an isotropic (i.e. symmetrical) solid, in particular for (σk1) = (σk1)' and (σk2) = (σk2)',

relation 2.37 becomes:

J =
σk1
2
p(d) (2.41)

The other way in which a linear dependance is found in when the permeation in molecular

rather than atomic. The latter is the rule for all metals. Then, experimentally if the permeation

rate if found to be linear with the hydrogen pressure is a good indicator that the permeation is

surface-limited.

Intermediate regime model

In the more general case, a �ux equation, J , as a function of hydrogen pressure in both

regimes and also in the intermediate domain is needed.

The examination of the intermediate regime goes through the following steps:

• molecular adsorption and desorption

• surface dissociation and recombination

• di�usion within the lattice

Considering the model in �gure 2.9, the hydrogen balance on the upstream and downstream

sides is given by:
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J(d) = Ji(d)− Jr(d) = (σk1)p(d)− (σk2)c2(d)

J(0) = Jr(0)− Ji(0) = (σk2)′c2(0)− (σk2)′p(0) (2.42)

Figure 2.9: Di�erent hydrogen permeation through a membrane

Assuming the case of symmetrical solid, (σk1) = (σk1)′ and (σk2) = (σk2)′, and the pres-

sure in downstream is negligible compared with the upstream pressure, p(d) � p(0), equation

2.42 becomes:

J(0) ' Jr(0) = (σk2)c2(0) (2.43)

These conditions are veri�ed during the present measurements. Considering a stationary

state the hydrogen �uxes in both sides must be the same:

J = J(0) = J(d) (2.44)

For the �rst Fick's law, in a metal solid, the di�usion �ux can be expressed as follow:

J = −D ∂c

∂x
= D

c(d)− c(0)

d
(2.45)

For convenience are take the dimensionless numbers are going to be introduce:
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W =
σk1d

P
p

1
2 (d)

C(0) =
c(0)

ceq
(2.46)

C de�nes the reduced concentration of hydrogen, whileW 2 is the reduced permeation

�ux density. Considering the Siverts' law and the equation 2.43, follow that:

J

Ji
= C2(0) (2.47)

Substitution of equation 2.45 into equation 2.47 by using the de�nitions ofW in the equation

2.46 and Siverts' law gives:

C2(0)W = C(d)− C(0) (2.48)

Substitution of equations 2.43 and 2.42 back in the equation 2.44, by considering the

Siverts' law yields:

C2(d) = 1− C2(0) (2.49)

The last two equations, combined together, give the following relation:

W 2C4(0) + 2WC3(0) + 2C2(0) = 1 (2.50)

This is the general equation for the stationary state permeation through s symmetrical

solids. Looking this equation in depth, it is possible to note as follows:

If W � 1 combining equations 2.50 and 2.47 gives J =
(σk1)

2
p(d)

If W � 1 combining equations 2.50 with de�nition of W and C gives J =
P

d
p(d)

1
2

(2.51)

Considering W � 1, de�ne surface e�ects dominant respect to bulk e�ects (see equation

2.46), then, as expected, the result is a �ux permeation directly proportional to the pressure,

as found in surface limited model (see eqaution 2.41. Otherwise, considering W � 1, de�ne

bulks e�ect dominants. As the same way, the result is a �ux permeation directly proportional

to the square root of pressure as describe by the equation 2.26.[70,75�77]
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Considerations

In a more realistic cases, samples can be composed of two or more layers of di�erent materials

of uniform thicknesses d1, d2,. . . dn with permeabilities P1, P2. . . Pn respectively. A classical

approach is to describe the behavior of the system in terms of permeation resistance R.

Considering a bulk layers the di�usion-limited regime can be used. In this case, J represent

the analogous of the current and p
1
2 represent the analogous of the voltage. From the equation

2.26 the permeation resistance of the nth layer, Rn, is de�ne by Rn = dn
Pn
. Thus, for a steady-

state permeation process hydrogen �ux through multilayer solids can be written as:

J =
Peff
dtot

p(d)
1
2 (2.52)

Where Peff and dtot are de�ned as follow:

Peff =

(
d1
d1

P1

+
d2
d2

P2

+ · · · +
dn
dn
Pn

)

dtot =

n∑
i=1

di

In a case of an e�ective permeation barrier (without any defects) of thickness d1 and per-

meability P1 onto a substrate of thickness and permeability d2 and P2 respectively, the usual

case is de�ne for d1

P1
� d2

P2
and, in the case of coating barrier, d2 � d1, thus:

Peff = P1
d2
d1

(2.53)

Only in this case will Peff vary in Arrhenius manner and permeation �ux, J , will be

independent of d2.

Unfortunately, this model fails in the permeation barrier, d1, present defects or cracks which

allow hydrogen to reach the surface of the substrate without permeation (as a short circuit)

process through the barrier layer itself. As describe in the introduction of the next chapter,

this situation is very common, particularly when relatively brittle non-metals or chemical-grown

coatings are applied onto the metallic substrate. Even when these defects exist, the steady-state

permeation rate may be reduced, but the activation energy for permeation will be the same of

uncoated sample.[78]

Only in this situation, the reciprocal of permeation reduction factor, PRF, can be interpreted

as the fraction of coating area characterized of cracks and defects (assuming that hte coating

material itself is highly impermeable).[78] Thus, the hydrogen permeation �ux can be written

as:

J = (1− 1

PRF
)
P2

d2
p

1
2

d (2.54)
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During the 70' a model of permeation through self-passivation layers named Strehlow

and Savage model was presented.[79] In this model oxide layers present cracks and defects.

Figure 2.10: Block diagram representation of the Strehlow and Savage model.[79]

Considering the electrical representation, in �gure re�g2.10, the model de�nes two possible

permeation ways through the material. One path considers the intact oxide layer (Rox and

Rm1) and other path consider the permeation through the cracks (Rm2).

Supposing a molecule di�usion mechanism of hydrogen through the intact oxide layer the per-

meation �uxes, J1 and J2, are given by:

J1 =
p

1
2
e

Rm1

J2 =
p

1
2

h

Rm2
(2.55)

For the whole system, �gure 2.10

J =
1

Rm1

Rm1

Rm2
p

1
2

h −
Rox

2Rm1
+

[(
Rox

2Rm1

)2

+ ph

] 1
2

 (2.56)

From the equation 2.56, for Rm2 � Rm1 the following three cases can be derive:

J =
p

1
2

h

Rm2
ph very low

J =
ph
Rox

+ p
1
2

hRm2 intermediate ph value

J =
p

1
2

h

Rm1
ph high (2.57)
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As describe in equation 2.57 and shown in �gure 2.11 there is a square root pressure depen-

dance at very low and high pressure range. Instead, for intermediate pressure regime there is a

linear pressure dependance, depending on the exact experimental conditions.

Figure 2.11: Permeation dependance in function of hydrogen pressure in Strehlow and Savage model.[80]

Although in some cases, the model describes the shape of permeation �ux versus pressure

in the right manner, it is based on the assumption that hydrogen dissolves as molecular form

in oxide, which is unsupported by experimental evidence. [81]

However, considering the surface reaction rates on the oxide covered parts of the material rather

than molecular di�usion are the cause of the linear pressure dependance in the intermediate

regime it is possible to explain the behavior of permeation �ux versus pressure. In most cases,

due to the lack of experimental evidence, for the molecular hydrogen permeation through oxides

leads to consider the permeation of atomic hydrogen through a solid, limited by surface reaction

rates at low pressure.

2.2 Corrosion in Heavy Liquid Metals

Coolants with special properties are required for use in advanced nuclear conversion sys-

tems such as fast nuclear �ssion reactors and fusion reactors. Since the rate of power production

in these systems is signi�cantly higher than the current generation thermal reactors, coolants

with high heat transfer coe�cients are required. Since the working temperatures of these ad-

vanced nuclear energy system are high, their coolants should have high liquidus range so that

the system operates at low pressures. Liquid metals with high thermal conductivity, high

boiling point and adequately high speci�c heat meet this heat transfer requirement. Lithium

in its pure form or as low melting point (more probably) Pb-16Li alloy is considered as tritium

breeder cum coolant in fusion reactor systems.

Mechanism of corrosion of metals and steels exposed to liquid heavy liquid metals (HLMs)

are mainly dissolution and oxidation. The diagram in �gure 2.12 shows the two basic corro-

sion mechanisms: oxidation-oxide scale formation and liquid metal corrosion-dissolution

attack[82].

The chart may be generalized to most heavy metals and it gives an overview of the corro-

sion behavior as a function of oxygen concentration. Above 10−6at.% oxygen concentration,

corrosion is mainly caused by oxidation of the steel surface. The oxide �lm acts as protection

layer against dissolution. Finally, the main parameters a�ecting matals degradation by HLMs
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Figure 2.12: Corrosion behavior of steel in �owing lead after 3000h at 550Â◦C. Mainly the oxide layer formed
on the steel surface is Me3O4.[82]

interaction are:

• Solubility of metallic and non-metallic elements in hot liquid metals.

• Chemical composition of steel alloys.

• HLMs hydraulic parameters.

• Mechanical stresses.

• High temperature.

• Thermal stresses (induced by temperature gradients).

• Oxygen content in HLMs.

2.2.1 Solubility of metallic and non-metallic alloys elements

Because the main steel components (e.g. iron, chromium and nickel play an important

role concerning dissolution processes, solubility of alloys elements at high temperature is a

fundamental parameter related to steels corrosion issues in HLMs. In generally, the solubility

of metals in liquid metals and metal alloys is de�ne by the saturation concentration Cs that is

correlate with temperature, according to Arrhenius' law:

lnCs = A− B

T
(2.58)

Where A and B are constants depending on the system obtained experimentally. More in

detail stand for system entropy and vaporization heat respectively.[83] A lot of work has

been done studying the solubility of element of nuclear grade steel for fast �ssion reactors.

Figure 2.13 shows the solubility of some steel elements in liquid lead. Figure 2.13 indicates that

solubility grows as temperature increases, in particular the use of austenitic steels is avoided

for temperature over 723K/773K.[84]
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Figure 2.13: Sulubility chart of Ni, Fe, Cr, Mo, W and Si in liquid lead. Alloys with high Ni content (e.g.
austenitic steels) are not suitable for HLMs systems.[84]

Oxidation phenomena

Oxygen concentration in HLMs play a fundamental role in corrosion mechanism. The concen-

tration it must be high enough to allow the formation of protective oxide layers, but low enough

to guarantee that the precipitation of HLMs oxides do not occur.

As introduced previously, when an oxide layer forms the direct dissolution of steel elements is

reduced thanks the low di�usion rate of the alloying elements of steels in the oxides. Thus, the

corrosion proceeds through dissociation or transport through oxide layer (which is much slower

than direct dissolution).[85] Therefore, oxygen concentration could be a successful corrosion

control technique by employing the self-healing mechanism up to 823K. Several experimental

results report that the structure of oxide layer comprise an external magnetite layer (Fe3O4)

and an internal Fe-Cr spinel ((Fe-Cr)3O4).

In �gure 2.14 is shown the main mechanisms tha lead the oxidation of steel in HLMs. The

oxidation phenomenon is governed by di�usion mechanisms that occur through the di�erent

layers[86,87].

Figure 2.14: Di�usion mechanism through oxide layers.[88]

The magnetite-spinel interface represents the begin of the oxidation process that lies at the

original liquid-solid interface: the spinel grows in the same direction of where the bulk of the
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steel is, while the magnetite grows toward the HLMs. Chromium should be nearly non-existent

in the outer layer, greatest in the spinel layer and back to alloy concentration in the bulk. Iron

should be prevalent in the outer layer and scarce in the spinel and di�usion layer, before rising

back to alloy concentration in the bulk.[88]

For the foreseen nuclear structural materials, both austenitic and ferritic-martensitic steels

develop a duoble oxide layer as just described. The austenitic steels show better resistance to

oxidation than martensitic steels, thanks to higher content of chromium (up to 17 wt.%) than

with ferritic-martensitic alloys (no more than 8 wt.%).[89] Since the di�usion coe�cients of

austenitic steels are very low, the whole oxide structure is thinner, compared with the ferritic-

martensitic steels at the same conditions[90].In general, it is con�rmed that austenitic steels

su�er severe corrosion attacks in HLMs at temperature above 773K, while ferritic-martensitic

steels form thick oxide scales that periodically spall-o� and consequently block forced convention

loop. Furthermore, thick oxide layers could hinder heat transfer. Both materials are then

recommended for operating temperature below 773K.

Dissolution phenomena

Dissolution of metals elements occur basically in no �ow HLM condition or whether the con-

centration of elements reach the saturation limit. Basically, dissolution in HLMs can take place

in three di�erent way[84]:

• Uniform dissolution: all the alloying elements are dissolved in the liquid lead.

• Leaching: or preferential dissolution, an element is preferentially dissolved by HLMs.

• Intergranular attack: local dissolution can be driven by leaching by means the lower

activation energies of the atoms at grain boundaries as compared to atoms within grains

and by other factors such as penetration along grain boundaries or penetration along

speci�c crystallographic directions.

Dissolution is driven by the driving force as di�erence between the chemical activities of the

solute metals, the solid surface and HLM. Dissolution starts involving the rupture of the bonds

between atoms in the solid metal. Subsequently, new bonds between the former and the liquid

metals atoms are formed at the solid-liquid interface.[84]

Considering static conditions the main driving force is the chemical potential for dissolution

-that is, the di�erence between the chemical activities of the solute metals at the solid surface

and in the heavy liquid metal, and can be expressed as follow:

Ci = C0[1− e−αS t
V ] (2.59)

Where Ci is the concentration of solute after a lapse of time t, C0 is the saturation concen-

tration of solute in equilibrium with the solid state, S is the solid surface exposed to a volume

V of liquid and:

α = α0e
−∆E

RT (2.60)
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Where α is the e�ective mass transfer corrosion constant. Here, ∆E is the dissolution

activation energy, R is the gas constant and T is the temperature. Equation 2.59 underlines the

importance of the solubility of steel elements in HLMs, as it determines the value of C0. Under

isothermal conditions, the dissolution rate decreases with the time, following an exponential

law. Dissolution of alloys elements stops when the concentration of the elements in the HLM

reaches the saturation value.

The reason why corrosion rates are high in dissolutive conditions is that the solubility of

the main alloying components of steels in heavy liquid metals is high. The solubility curves

for some of these components in lead are plotted in �gure 2.13, which shows that solubility

increases with an Arrhenius dependence on temperature. The di�erent dissolution mode, listed

above, determine two main evolution forms for the corrosion process, namely:

• Uniform corrosion.

• Local corrosion.

In uniform dissolution, all the alloying elements are dissolved in the heavy liquid metals,

whereas local dissolution can be driven by leaching, by the lower activation energies of the atoms

at grain boundaries as compared to the atoms within grains1 (intergranular attack), and by

other factors, as shown in �gure. The term leaching identi�es the preferential dissolution of

a speci�c element. For instance, in the case of austenitic steels, a ferritization of the surface

layers is usually observed, owing to the high solubility of Ni and to its consequent leaching

[91, 92]. In �owing condition the transport of corrosion products from the surfaces to bulk

liquid metals is determined by di�usion until reaching the saturation of the liquid phase with

corrosion products.

Under �owing condition, the concentration of corrosion products,Ci, after a time t, can be

expressed as follow[84]:

dCi
dt

= K
S

V
(C0 − Ci) (2.61)

Where K is a rate constant. Moreover, the �owing liquid can carries corrosion products to

other point of the system, where they may deposit. Among external factors, �ow velocity is the

most important. In fact, HLM �owing over the surface solid accelerate the corrosion process.

This phenomenom is called �ow-accelerated corrosion.[94, 95] Figure 2.16 shows the �ow

velocity dependency on corrosion. At low speeds, mass transfer controls the corrosion rate.

Indeed, in this situation the dissolution rate is higher than mass-transfer rate. Thus, corrosion

products concentration near the solid-liquid interface grows until it reaches the saturation value.

When speed exceeds a critical value, the mass transfer rate becomes high enough to transport

all corrosion products away from the interface. Thus the corrosion rate is determined by the

dissolution/reaction rate and independent of �ow speed. For high speed (e.g. highly turbulent

1In local corrosion HLM can penetrate into the steel where high defect density zones reach the surface. Local
corrosion goes along grain boundaries (2.15-b), speci�c crystallographic directions (2.15-c), vacancies and pores
(2.15-d) and previously formed defects (2.15-e/f).
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Figure 2.15: corrosion damage of metals in HLM (LM=Liquid Metal). a)uniform corrosion; b)penetration
along grain boundaries; c)penetration along speci�c crystallographic directions; d)penetration along vacancies;
e-f)penetration along previously formed defects.[93]

Figure 2.16: Main type of FCA depending on HLM velocity.[96]

�ow) the solid-liquid interface is subject to high shear stresses that interplay with the dissolution

process. Some cavities appear at the interface and the corrosion rate increases sharply with �ow

speed. For HLMs, such as lead-lithium, erosion-corrosion is likely to occur at moderately

high speeds, due to high density.[94, 96].

In multi-phase �ows, aggressive particles in the liquid may damage the steel while moving

along its surface, or strip the oxide scale, if present. Especially whenever �ow direction changes

abruptly, as in sudden expansions or elbows, the liquid aggressive particles are thrown against
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the steel surface, enhancing wear rate. This mechanism is called phase transport erosion-

controlled corrosion.[94]

In addition, if cavitation bubbles happen to be present in the �owing heavy liquid metals,

they can collapse on the steel surface, creating the so called liquid metal micro-jets. This

phenomena can induce high stresses in the solid metal, causing localized corrosion fatigue

damage and environmentally assisted miucro-fractures of the steel. This phenomena is known

as cavitation-corrosion.[96]

2.2.2 Loss of mechanical properties

One of the main concerns that comes about with the interaction between steels and heavy

liquid metals is the reduction of surface energy of the former, what is known as theRebinder

e�ect.[97] The mainly e�ects responsible for a loss of mechanical properties are namely Liquid

Metal Embrittlement, (LME), and Liquid Metal Assisted Creep, (LMAC). Moreover,

heavy liquid metal interaction, seem to have an in�uence on the performance of steels under

Low Cycle Fatigue, (LCF).

Liquid Metal Embrittlement

LME refers to a loss of ductility or to a premature brittle failure of a material when placed in

contact with HLMs under stress condition. Several investigations have been performed during

the last decades, reaching the conclusion that the LME phenomenon is strongly in�uenced

by metallurgical state, hardness and composition of steels, as well as stress and above all,

temperature and strain rate.[98�105] Tensile tests have shown that both Ferritic-Martensitic

ans Austenitic steels deform plastically in heavy liquid metals almost as in air over the whole

temperature range investigated.

Figure 2.17: Load-displacement curves of Ferritic-Martensitic steel specimens tested in Ar and LBE at 473K
and 573K.[99]

Nevertheless, Ferritic-Martensitic steels lost part of their ability to deform plastically after

pre-exposure to HLMs under dissolutive conditions at temperature below 693K. The loss in

ductility seems to be negligible after ageing in oxidizing conditions.[97] In contrast, Austenitic
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steels retain ductility under conditions that are detrimental for Ferritic-Martensitic steels. In

�gure 2.17 are shown the typical detrimental e�ect of LME on the load-displacement curves of

a Ferritic-Martensitic steels obtained by 3 point bending test in Argon environment and HLMs

at 473K and 573K.

Liquid Metal Assisted Creep

Unfortunately, very little data is available on LMAC. The most reliable results are in the form

of creep to rupture tests performed on martensitic steel T91 in �owing lead-bismuth eutectic

containing 10−6 oxygen, at 823K and uni-axial tensile stress levels up to 220 Mpa as shown in

�gure 2.18 .[97�106]

Figure 2.18: Creep-to-rupture tests performed on T91 in LBE and air at 823K, (a) 140MPa, 160MPa and (b)
180 and 200MPa.[106]

The time to rupture in HLMs is lower than in air, the strain in the primary stage of

creep is higher, and the onsets of the secondary and tertiary stages take place at the earlier

time. Therefore, in addition typical creep mechanisms, such as dislocation gliding, vacancy

and void formation, viscous creep and grain boundary sliding, further detrimental

e�ects are introduced by HLMs interaction. These e�ects are likely related to the consequent

dissolution phenomena. A competition between the strain and oxidation phenomena is proposed

to account for the observed behavior.[106]

42



Chapter 2

Low Cycle Fatigue

As for LMAC, there are not many studies on HLM-assisted LCF. According to the most

relevant data [107�109], there is a weak e�ect of HLMs on the fatigue behavior of 316L under

all the tested conditions. On the other hand, there is a reduction of the resistance to LCF

and an increase in fatigue crack growth in T91. The detrimental e�ect is ampli�ed on samples

pre-exposed to HLMs under dissolutive conditions, as also observed for LME and LMAC.

Figure 2.19 shows the LCF resistance curves of T91 and 316L steels tested in oxygen saturated

HLMs [109].

Figure 2.19: E�ect of long term exposure in HLMs on the fatigue resistance for the (a) T91 and (b) 316L
steels.[109]
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Alumina-based coating for DEMO

Breeding-Blankets
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3.1 Protection strategies for breeding blankets structural

materials

Structural materials in nuclear fusion power plant will be exposed to very harsh conditions

such as tritium permeation, corrosion by heavy liquid metals, high dose irradiation

and mechanical stresses.

The strongest need in liquid Pb-16Li breeding blanket designs is having e�ective barrier ma-

terials, even though barriers are also necessary for other blanket and coolant systems. Un-

controlled tritium transport in nuclear fusion power plants can lead tritium inventory build-up

in plant, tritium-contaminated e�uents, high tritium concentrations in work areas, hydrogen

embrittlement of structural metals and more di�cult tritium processing. Hydrogen isotopes

barriers are necessary to kinetically limit the achievement of isotopic thermodynamic equilib-

rium through hermetic boundaries. At the same time, structural material must maintain its

integrity during the operation. Corrosion in the form of dissolution, intergranular penetration

and interstitial transfer to and/or from liquid metal, can result in signi�cant structural material

thinning with loss of integrity and mechanical properties. In previous corrosion testing studies

on structural materials for the european breeding blanket (RAFM steel named Eurofer 97) it

was shown a strong corrosion attack with a corrosion rate up to 400 µm y−1 in �owing Pb-16Li

at 823K as shown in �gure 3.1.[50,113,114]

Figure 3.1: a) Comparison of PICOLO test results and calculations of metal loss for 0.5, 5 and 22 cm s−1 �ow
rate by using Sannier's correlation. b) Comparison of PICOLO test in radius reduction of Eurofer97 specimens
in long duration tests for 10 and 22 cm s−1 at 823K.[114]

Moreover, the hydrogen permeabilities of di�erent materials at the same conditions (e.g.

temperature and gas partial pressure) cover a very wide range, as shown in �gure 3.2.

Protective layers are the main approach to mitigate these issues, that can be achieved

basically as follow:

• Growth of oxide layers.

• Deposition of surface coatings.

In the last few decades the main approach to mitigate materials degradation and tackle the

tritium permeation was to produce protective layers by means of the self-passivation of the

surface. This method consists to favor the in-situ formation of oxides layers (mainly iron-base

spinel and chromia) by using or injecting oxygen in the systems. Thanks to its low dissociation
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Figure 3.2: Tritium permeability of austenitic 316 stainless steel with those of Al2O3 and SiC.[110�112]

pressure, the most common native oxide (forming on the steel surface) is, of course, Cr2O3 (or

chromia). Native metal oxides layers can be formed by heating the steel in the atmosphere

(e.g. in presence of oxygen) or under a variety of conditions. It was found that dense, con-

tinuous layers consisting of few micrometers of pure chromia was likely to be more e�ective

than much thicker mixed oxides layers or spinels. In fact, chromia provided a reduction in

isotopes hydrogen permeation by about two order of magnitude. [115, 116] Unfortunately, the

high solubility of Chromium in heavy liquid metals (see �gure 2.7) makes chromia inadequate

as anti-corrosion barrier. [117,118]

During the 70' and 80' self-passivation technique was enhanced developing silicon and aluminum-

rich bulk alloys. Just as for the bulk Fe-Cr-Si and Fe-Cr-Al systems, small addition of Si or Al

to the surface of the steel will favor, by oxidation at high-temperature or by injecting oxygen

in the system, a protective scale of SiO2 or Al2O3 retaining the bulk mechanical properties

of the standard steel.[119, 120] Oxide layers have interesting protective properties thanks their

strong chemical inertia and to the possibility to decoupling the problem of corrosion protection

for the low and high temperature range. Several studies on energy formation thermodynamic in

oxygen saturated Pb-16Li up to 1023K show the stability and meta-stability of the major-

ity of binary metal oxides.[61, 118, 121, 122] Furthermore, the majority of oxides (i.e. alumina,

chromia and rare-heart oxides) show interesting properties as hydrogen isotopes permeation

barrier.[118,123�131]

Forcey et al. [123] found that the aluminized layer of 1 mm of thickness on austenitic 316L

stainless steel o�ered a reduction of hydrogen permeation rate up to 4 order of magnitude (in

the temperature range of 973-1073 K). The e�ectiveness of this permeation barrier is attributed

to the surface oxide layer consisting of alumina.

Although the self-healing advantage, intrinsic drawbacks, such as brittleness, non-uniform

density, micro-cracks, porosity and the metal dissolution in Pb-Li during the self-passivation

process are the greatest limitation.

Similarly to self-passivation technique, the use of oxide coatings, deposited onto the struc-

tural materials, enable surface functionalization while retaining the mechanical properties of

the steel. Several successes have been achieved with heterogeneous carbide, nitride (e.g. SiC,

TiC, TiN, BN) and oxide coatings applied to metals.
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There are a large of number of potential coating techniques available, such as: CVD, electro-

plating, sputtering process, pack cementation VPS and aluminising.[132�134]

In all cases,metal oxides and rare-earth oxides have been studied extensively.[123,130,135�

154]

Alumina (Al2O3), as shown in the charts in �gure 3.3, attains the lowest elastic properties

mismatch with steel, reaching an excellent compromise in terms of thermo-mechanical behav-

ior.[155]

Figure 3.3: (a)The linear expansion coe�cient α plotted against the thermal conductivity λ. The contours
show the thermal distortion parameter λ

α
. (b) The linear expansion coe�cient α plotted against Young's

modulus E. The contours show the thermal stress created by a temperature change of 1◦C if sample is axially
constrained.[155]

Along with its chemical inertia, Al2O3 is one of the most promising candidate as coating

barrier (i.e. against corrosion and tritium permeation) in DEMO breeding blankets.[61, 113,

117,118,121,122,124,130�134,156�171]

In this framework, the aim of the present Ph.D thesis can be divided in two main activities:

• testing the PLD nano-structured Al2O3, in order to provide a statement regarding its

feasibility as tritium permeation barrier and as corrosion protection method in

DEMO condition eutectic Pb-16Li.

• Developing of Atomic Layer Deposition technique optimizing metal oxides deposition

onto stainless steels substrate characterize to complicated geometries (e.g DEMO breeding

blanket).

3.2 Pulsed laser deposited Al2O3 coating under DEMO rel-

evant conditions

Pulsed laser deposition (e.g PLD) is promising and �exible technique that o�ers valuable means

for engineering materials properties at the nano-scale. The mechanism deposition process is

deeply described in chapter 5.

Remarkably, PLD process conditions can be tailored to obtain high-quality Al2O3 coatings with
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a wide range of microstructures, from fully dense and compact to aerogel through hierarchi-

cal.[175] Consequently, the deposited �lms can be hard, moderately hard or even soft. As a

matter of fact, PLD grown �lm morphology can be modi�ed by adjusting the deposition tem-

perature. At room temperature, x-ray amorphous Al2O3 is usually observed.[176] Instead, for

PLD processing above 500◦C a noncrystalline phase of γ-Al2O3 is observed.[177] In comparison,

reactive magnetron sputtering generally requires higher temperatures to produce similar fea-

tures, otherwise giving rise to a lower quality product.[178�180] The �nal choice in the frame of

this Ph.D. work is to characterize deeply compact amorphous alumina, grown at room tempera-

ture, after a preliminary consideration of the performance by changing the �lm morphology (i.e.

increasing the background pressure). PLD-grown coatings typically reproduce the roughness

Figure 3.4: AFM topogrphy of an atomically �at Al2O3 coating grown on Si wafer (RMS below 0.1 nm.[181]

of the underlying substrate.[181] Measurement at atomic force microscope (or AFM) on coated

silicon wafer demonstrate that the roughness of the coatings is the same of the underlying sub-

strate with a RMS below 0.1 nm, as shown in �gure 3.4.[181] SEM images reported in �gure

3.5 con�rm the same evidence. The surface is ultra-smooth, with the exception of few sub-

micron-sized defects and droplets. Cross-sectional views of coated steel specimens show that

the coatings completely cover the surface and reproduce its roughness. The microstructure of

low back ground pressure deposited alumina is compact and fully dense.[182]

The mechanical properties of deposited �lms have been examined using a combination of

nanoindentation and Brillouin spectroscopy.

The loading and unloading curves (i.e maximum load of 50 mN) of the indentation mea-

surements are shown in �gure 3.6 Coatings deposited at room temperature attains an unusual

combination of compactness, moderate sti�ness (such as a metal-like behavior) and signi�cant

hardness, resulting in superior plastic behavior. For deposition at high temperature (i.e. 600◦C)

an increase of sti�ness and a signi�cant enhancement of hardness are obtained. The Young's

modulus, E, and the Poisson's ratio, ν, can be de�ned through the Brillouin spectroscopy

by means of the Ellipsometry-Brillouin-Nanoindentation method (i.e. EBN).[182] Mechanical

properties are resume in table 3.1 compared with 316L stainless steel and bulk sapphire.
The substrate-coating adhesion has been evaluated through nanoscratch tests by means

of the evaluation of the interfacial bonding strength. In a scratch test, a diamond stylus is
scratched across the surface of the coating under continuously increasing load until the coating
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Figure 3.5: a) SEM images showing the surface of as-deposited Al2O3 coatings. Droplet coverage is low.
b) Cross-sectional SEM view of an as-deposited Al2O3 coating on stainless steel. The coating is compact and
reproduces the roughness of the substrate. No defects can be found throughout the thickness[182]

Figure 3.6: Loading and un-loading curves of indentations on steel substrates for coatings grown at a) room
temperature and b) 600◦C.[182]

detaches from the substrate. This load is de�ned as the critical load and provides a qualitative
measure of adhesion strength. Under the experimental condition of the PLD-grown Al2O3,
a critical load cannot be de�ned (i.e nanoscratch tests did not cause the delamination of the
coatings), which exhibit strong interfacial bonding regardless of the deposition temperature.
Furthermore, no evidence of major coating fracture or loss of interfacial bonding is observed,
neither discontinuities of penetration pro�les are found, indicating that no brittle failure oc-
curred.[182] The ratio of hardness and Young's modulus is a good indicator for describing
tribological behavior of coatings. For PLD-grown Al2O3, as shown in table 3.1, the H/E is in
the range from 0, 049 to 0, 091 depending on deposition temperature. These values are compa-
rable to those of super-hard (i.e. H≥40 GPa) coatings for tribological applications (i.e. nitrides
or carbides phase systems, such as Ti-B-N or Ti-Al-B-N [183]), for which the typical H/E ratio
varies from 0, 05 to 0, 12. Nevertheless, high values of H/E may not be enough to guarantee
a satisfying tribological performance. Under these conditions, the ability of the coatings to
dissipate a signi�cant part of the deformation energy becomes crucial.

This ability can be evaluated considering the energy dissipated as a consequence of plastic
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Sapphire Al2O3 at RT Al2O3 at 600◦C AISI 316L

ν 0,24 0,29±0,025 0,27±0,02 0,3
E [GPa] 345 193,8±9,9 277,1 ± 8,6 200
H [GPa] 2,78 10,3±1,0 25,2 ± 1,0 4

H/E 0,059 0,049±0,006 0,091±0,007 0,025

Table 3.1: Mechanical properties of PLD-grown Al2O3 deposited at di�erent temperature.[182]

Figure 3.7: Cross-sectional SEM images of nanoindentation imprints on compact Al2O3 showing plastic strain
through banding in the coating. The absence of cracks in the coating suggest a high fracture strength

strain in respect to the total deformation energy that is measured during nanoindentation.
Since, the signi�cant plastic resources and the quality of the PLD-grown Al2O3 to dissipate
a large amount of energy, no signs of cracks and delamination are present even under plastic
deformation, as shown in �gure 3.7. Having evaluated all these qualities, PLD-grown Al2O3

achieves the metal-like mechanical properties, allowing to qualify it as a moderately sti� and
ductile ceramic. In respect to radiation tolerant behavior, irradiation tests with heavy ions
have been performed. PLD-grown Al2O3 deposited on austenitic stainless steel substrates
have been irradiated in two ion beams of 12MeV Au5+ ions and 18MeV W8+ reaching an
irradiation damage (dpa) up to 150dpa.[184] Irradiation induces an amorphous to crystalline
transformation resulting in a fully nanograined structure, while extended irradiations induce
grain growth and softening in accordance with the Hall-Petch relationship, as resumed in �gure
3.8 and 3.9.[184]

Figure 3.8: ADF-STEM images and DPs showing as-deposited (a) and irradiated Al2O3 coating after 20 dpa
(b) 40 dpa (c) and 150 dpa (d) at 600◦C. e) Grain size growth as a function of total dpa and energy injection.[184]

The Young's modulus increase monotonically, (see �gure 3.9), with increasing irradiation

50



Chapter 3

Figure 3.9: E�ect of radiation on the mechanical properties of Al2O3 coating, namely (a) Young's modulus
(E), (b) Hardness (H), and (c) H/E ratio.[184]

dose, while the ratio H/E increase upon the crystallization and decrease thereafter, with a �nal
ratio H/E close to the initial value. The improvement of H/E at extreme ions irradiations dose
due to the energy dissipation mechanism as twinning (during grain growth), and lattice plas-
ticity and localized crystalline-to-amorphous transformation after impact loading.[184] Overall,
the �nding of these properties underline the capability of PLD-grown Al2O3 as coating in a very
harsh conditions. Unfortunately, it may not be enough for DEMO breeding blanket, unless the
barrier properties against high temperature corrosion (in eutectic Pb-16Li media) and tritium
permeation are studied and veri�ed.

3.2.1 Hydrogen permeation tests

As pointed out before, tritium permeation from the breeding zone to the cooling system, through
the structural steels, is of course a bottleneck in DEMO development.[117, 157, 172] The �nal
choice in the frame of PLD-grown barrier is to grow Al2O3 at di�erent background gas depo-
sition pressures, focusing on optimizing the performance of compact barriers. Typical process
parameters are listed below:

• laser pulse energy 410 mJ.

• laser pulse �uence ∼ 4 J cm−2.

• pulse repetition rate of 20 Hz.

• background oxygen pressure in the range 0,1-2 Pa.

• base vacuum pressure ≤ 5 10−3 Pa.

• target to substrate distance of 5 cm.

Resulting deposition rate is ∼ 0,85 nm sec−1. In this study, the e�ectiveness of the coatings
is investigated by permeation test, in continuous �ow regime, in PERI II facility deeply
described in Chapter 5. The main goal of the tests is to de�ne the quality factor Permeation
Reduction Factor (or PRF) and the hydrogen permeation �ux in di�erent conditions.
PRF is de�ned by the ration of hydrogen permeation �ux through the uncoated sample and
hydrogen permeation �ux through the coated sample:

PRF =
Juncoatedh2

Jcoatedh2

(3.1)

51



Chapter 3

Figure 3.10: Morphology of PLD-grown alumina. Increasing the background pressure increase of porosity is
shown

Preliminary tests are focused on the investigation of e�ectiveness barrier behavior grown
in di�erent morphology, as shown in SEM pictures in �gure 3.10. The background oxygen
deposition pressure selected are 0.1, 0.5, 1 and 2Pa, while the thickness is 5 µm for all samples
(an uncoated substrate is used as reference). Substrates are Eurofer97 ferritic-martensitic steel
of 52mm of diameter and 0.7mm of thickness. The substrates preparation, mainly cleanliness
and roughness of surfaces are mandatory factors for a successful coating deposition. Here,
substrates are grounded using SiC paper with increasing grits (180, 400, 800, 1200 and 2400),
polished with diamond suspensions (6µm, 3µm and 1µm) and cleaned with an ultrasonic device
in ethanol and rinsed in distilled water.

Figure 3.11: (a) Ion-gun cleaning inside the PLD chamber (b) Plasma plume at di�erent background pressure
during Al2O3 deposition.

Further cleaning was carried out in-situ by pre-sputtering by means of ion beam of Ar
plasma with an ion-gun as shown in �gure 3.11(a). Figure 3.11(b) shows a typical plasma
plume modi�cation by tuning the background deposition pressure. Samples are mounted in the
test section of PERI II facility, dividing the high-pressure section to the low-pressure section as
shown in �gure 3.12 and deeply described in Chapter 5.
After taking the pressure down to ∼10−5Pa, the high-pressure section is ful�lled of pure hy-
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Figure 3.12: PERI II facility in vertical position. Upper part is the low pressure section keeping constantly at
pressure in the range of low 10−4Pa. Here a quadrupole mass spectrometer detect the hydrogen concentration
during the time. The bottom part is the high pressure section. After a vacuum in order of 10−4Pa is �lled by
pure hydrogen. In this work a partial pressure of 100mBar is used.

drogen (99,999%) at 100mBar. Coated and uncoated samples (�gure 3.13 shows an example)
are tested at di�erent temperatures such as 623K, 723K and 823K. After each permeation mea-
surement at a �xed temperature, the coated sample is kept at 873K overnight to release the
hydrogen accumulated in the sample. While, the bare sample is kept, even overnight, at 773K.

Figure 3.13: Eurofer97 disks, 52mm diameter and 0,7mm thick. (a) Polished bare Eurofer97 disks used as
reference (b) 5µm coated at 0.1Pa of oxygen deposition pressure by PLD

The concentration of hydrogen is detected by using a Quadrupole Mass Spectrometer (QMS

see Chapter 5) in low pressure section. Crude signals are represented by an average ion current
collected each cycle (an cycle correspond to ∼ 12s of measure collection) as shown in �gure
3.14.

As mentioned in Chapter 2, temperature plays an important role in thermodynamic perme-
ation behavior. Increasing the temperature of hydrogen species, makes them interacting with
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Figure 3.14: Ion current measured at di�erent temperature by QMS for samples coated with 5µm of PLD-
grown alumina at di�erent background pressure. After a background measure of 500 cycles pure H2 is injected
at 100mBar.

the samples surfaces, both coated and uncoated, with higher energy, increasing the chance of
being adsorbed (hydrogen energy is closer to the activation energy). This behavior is more
evident for the bare sample, mainly due to the lower activation energy1. Looking more in
detail, it is possible to note a dramatic ion current detection increase for the sample covered
with Al2O3 coating deposited at higher background pressure, as shown in �gure 3.14.
An ideal permeation barrier must be compact and defect-free in order to maximize the activation
energy and avoid the permeation through material lattice defects as explained in section 2.1.
Al2O3 coatings deposited by PLD at room temperature is mainly amorphous with randomly
dispersed nano-domains (see section 3.2). Although, several works showed that crystalline
structures of coatings have higher barrier performance than amorphous[123, 125�127, 149], in
this work thesis a value near 105 of PRF is obtained. Moreover, the e�ectiveness of permeation
barrier also depends much on the integrity of the coating. Several investigations show a reduc-
tion of PRF up to 10 with even small cracking (around 0.001% of surface is open). [129,173].
Columnar morphologies that characterized barriers, deposited at higher background deposition
pressures, de�ne a preferential path ways (in term of activation energy) for hydrogen atoms,
that may di�use through the ceramic coating and reach the stainless steel surface. Although,
preferential path ways may be a possible explanation, it remains partially and incomplete.
Unfortunately, surface e�ects (adsorption and desorption) cannot be determined. Surface con-
stants for adsorption (σk1) and desorption (σk2) are strictly related to the surface condition

1Activation energy, EA is de�ned as the minimum energy required to start a chemical or physical reaction.
In this case the reaction is represented by the surface interactions

54



Chapter 3

and allow to determine whether the permeation is atomically or molecularly. The main goal of
this analysis is to provide a preliminary description of the coating behavior as barrier against
hydrogen permeation in term of permeation �ux, J and PRF. For this reason no surface
studies are carried out. The conversion from ion current (the signal detected by the QMS) to
J is performed by means of conversion factor. The conversion factor is de�ned by a measure of
hydrogen permeation at same conditions (in terms of temperatures and pressures) of calibrated
volume of hydrogen. Figure 3.15a shows the resume of the average values of J at di�erent
temperatures for bare and coated samples. As mention before, the average values of J increase
while increasing both the temperatures and the background deposition pressure.

Figure 3.15: Hydrogen permeation �ux de�ned by conversion of measured ion current.

Finally, by means of the equation 3.1, the PRF is de�ned for all conditions. PRF values
are showed in �gure 3.15b. Table 3.2, resumed the J and PRF values for these samples.

@623 K J [mol m−2s−1] PRF

Bare 6,67 10−9 ± 5.81 10−11 1
0.1 Pa 5,36 10−10 ± 1.04 10−11 12,4 ± 0,4
0.5 Pa 4,19 10−10 ± 1,76 10−11 15,9 ± 0,6
1 Pa 1,21 10−9 ± 1,99 10−11 5,5 ± 0,3
2 Pa 2,28 10−9 ± 2,91 10−11 2,9 ± 0,3

@723 K J [mol m−2s−1] PRF

Bare 1,58 10−7 ± 2,42 10−9 1
0.1 Pa 1,05 10−9 ± 1,05 10−11 150,7 ± 3,8
0.5 Pa 1,15 10−9 ± 1,50 10−11 137,8 ± 3,3
1 Pa 1,18 10−9 ± 1,29 10−11 133,4 ± 3,0
2 Pa 6,94 10−9 ± 6,71 10−11 22,7 ± 2,8

@823 K J [mol m−2s−1] PRF

Bare 4,13 10−6 ± 3,30 10−8 1
0.1 Pa 1,04 10−9 ± 7,61 10−11 3959,5 ± 60,5
0.5 Pa 1,80 10−9 ± 2,94 10−11 2295,4 ± 99,1
1 Pa 2,39 10−9 ± 3,16 10−11 1725,8 ± 86,8
2 Pa 1,85 10−8 ± 1,44 10−10 222,8 ± 65,2

Table 3.2: Resume of J and PRF values

The exponential increment of PRF values with the temperature is mainly related to the
dramatic increasing of permeation �ux for the bare sample. Especially for sample covered with
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Al2O3 grown at lower background pressures, the values of J change only about an order of
magnitude respect over three order of magnitude for the bare sample. These results, underline
the e�ectiveness barrier behavior of alumina-based coating grown by PLD technique.
According to these values, tests of barrier behavior of alumina-based coating grown by PLD
are focused on optimizing the deposition process for compact and fully dense Al2O3.
As discussed in the introduction of section 3.2 and obtained as results in preliminary permeation
tests described above, the best compact and fully dense stoichiometric Al2O3 is obtained at
0.1Pa of oxygen background pressure. The thickness of the investigated coating is from 100nm
to 5µm, grown onto Eurofer97 disks. At the same matter of preliminary tests, these samples are
characterized as permeation barrier by means of PERI II facility in the range of temperature
from 623K to 923K.
Several works, carried out on coatings technologies as permeation barriers, demonstrate as the
permeation through thin solid oxide �lms, without cracks or defects, is governed by atomic
di�usion and can be described by using the di�usion-limited model (see section 2.1.4). [70,
74,75,77�81,111,112,124]. Thus in addition to the performance characterization in term of PRF
and J, this model allows to de�ne two important physical parameters, namely permeability
and activation energy2. In �gure 3.16 the results in term of PRF and J are resumed.

Figure 3.16: (a) Permeation �ux, J, for di�erent thicknesses of compact Al2O3 deposited at 0.1 Pa of back-
ground oxygen pressure. (b) the associated PRF values.

An unprecedented performance, values resumed in table 3.3, is obtained for thicker coating
with a PRF value close to 105 at 923K and over 104 at 823K, that is the reference operating
temperature for DEMO.

These results represent a breakthrough on coating developing as protective barrier in fusion
technologies. In fact, a superior performance of amorphous ceramic coatings is obtained, being
comparable to fully crystalline coatings one[125, 185]. Of course, the strength point of PLD-
grown coatings is the room temperature processing as well as a compact and fully dense
�lm. In this way no structural and metallurgical modi�cations of substrates are produced during
the deposition as well as the lower energy consumption, making PLD technique economically
competitive.
As pointed out before, by means of equation 2.26 of the di�usion-limited model, considering
n = 1

2 and d as the total thickness (for coated samples thin �lm plus substrate), it is possible
to de�ne the permeability. Permeability values are listed in �gure 3.17. As expected, lower

2This analysis allows to de�ne activation energy for the coupled system coating + substrate
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PRF 623 K 723 K 823 K 923 K

100 nm 3,2 ± 0,12 25,7 ± 1,52 65,4 ± 4,69 810,3 ± 29,61
250 nm 10,7 ± 0,27 82,2 ± 4,17 1410,5 ± 81,83 4559,3 ± 200,31
1 µm 11,9 ± 0,3 295,6 ± 11,01 6661,2 ± 474,35 18729,9 ± 401,22
3 µm 110,4 ± 18,56 4020,8 ± 327,07 9312,9 ± 643,98 35960,1 ± 1292,62
5 µm 554.3 ± 50,00 3789,6 ± 280,58 12629,2 ± 1035,94 85369,8 ± 2713,55

J [mol m−2s−1] 623 K 723 K 823 K 923 K

100 nm 1,9 10−12 ± 7,4 10−14 2,20 10−12 ± 5.3 10−14 3.51 10−12 ± 3,8 10−14 3.65 10−11 ± 8.6 10−13

250 nm 1,35 10−13 ± 9,6 10−15 5,96 10−13 ± 1,2 10−14 1,05 10−12 ± 1,7 10−14 6,48 10−12 ± 2,0 10−13

1 µm 6,32 10−14 ± 1,5 10−15 1,62 10−13 ± 1,3 10−15 2,03 10−13 ± 1,0 10−15 1,55 10−12 ± 1,3 10−14

3 µm 2,64 10−14 ± 5,6 10−15 3,67 10−14 ± 1,3 10−15 1,36 10−13 ± 1,9 10−15 8,24 10−13 ± 1,9 10−14

5 µm 1,29 10−14 ± 1,6 10−15 1,95 10−14 ± 5,6 10−16 2,03 10−13 ± 6,5 10−16 3,46 10−13 ± 6,4 10−15

Table 3.3: Resuming values of PRF and J for as-deposited, not annealed, coated substrates

permeability values are obtained for thicker samples, underlining the higher di�cult of hydrogen
atoms to permeate the barrier (that de�ne the higher PRF value).

Figure 3.17: As expected, higher permeability are de�ned for bare samples and for lower coating thickness.

Except for bare samples and absolute performance of coated sample, J and permeability
are not in good agreement with the literature. As described in section 2.1.4, permeability
follows the Arrhenius' law, equation 2.59. Considering the �gure 3.17 and plotting the trend
curve of the data, the exponential term

[
− Ep

RT

]
de�nes the slope of the trend curve itself. Since

R and T are �xed values, it is easy to extrapolate the activation energy, EA, values both for
bare Eurofer97 and coated samples. Activation energy values are shown in �gure 3.23 and
resumed in table 3.4 below.

Bare 100 nm 250 nm 1 µm 3 µm 5 µm

Act. Energy (kJ mol−1) 11,4 41,51 45,42 51,92 53,18 56,59

Table 3.4: Activation energies, EA, for coated samples refer for the couple substrate-coating.

As shown in �gure 3.23 and underline in table 3.3, pristine alumina-based coatings act
as barrier against hydrogen permeation. A marked increase of activation energy, up to �ve
times, is found for thicker coated sample. Moreover, activation energy for thinner coatings are
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Figure 3.18: Dot in red indicates the activation energy for bare Eurofer 97 disk.

comparable with the thicker ones. This result may underline that the permeation through PLD-
grown alumina is governed by bulk di�usion processes, thus the di�usion-limited model, in
these tests conditions (in term of temperatures and pressures), is a good description of the
permeation phenomena.
To evaluate coating adhesion and reliability in term of performance, all coated samples are
subjected to thermal tests. Thermal tests are designed in order to simulate the pulsed behavior
of a hypothetical DEMO reactor work cycles. Listed below the speci�cs of thermal annealing,
repeated 50 times:

• Heating up from room temperature to 823K at 2K min−1.

• dwell time at 823K of 2 h.

• Cooling down from 823K at 2K min−1 to 523K.

• dwell time at 523K of 2h.

Figure 3.19: (a) Permeation �ux, J, for di�erent thicknesses of compact Al2O3 after thermal cycles and (b)
the associated PRF values.

Thermal annealing condition is set-up in order to simulate the environment conditions,
in term of water and oxygen concentration, of DEMO reactor. An overpressure of pure Ar
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(99,99999%) gas is puri�ed by using an oxygen-moisture trap (Supelpure R©-O oxygen-moisture
trap), in order to reduce down to 1ppb the oxygen concentration inlet. Samples are characterized
again in PERI II facility by means of the same conditions describe above. Both PRF and J
are showed in �gure 3.19 and resumed in table 3.5.

PRF 623 K 723 K 823 K 923 K

100 nm 4,6 ± 0,44 6,9 ± 0,45 30,1 ± 5,45 518,7 ± 19,72

250 nm 54,9 ± 2,79 94,5 ± 3,90 1105,0 ± 627,2 3546,3 ± 857,07

1 µm 56,0 ± 1,46 235,4 ± 9,01 4966,5 ± 473,56 13662,5 ± 299,45

3 µm 91,4 ± 13,11 408,9 ± 194,01 5721,0 ± 631,91 19027,1 ± 1473,09

5 µm 475,8 ± 18,36 937,1 ± 60,75 6095,9 ± 473,56 28943,2 ± 1011,17

J [mol m−2s−1] 623 K 723 K 823 K 923 K

100 nm 2,43 10−12 ± 1,9 10−13 6,32 10−12 ± 2,4 10−13 7,07 10−12 ± 8,6 10−13 5,70 10−11 ± 1,4 10−12

250 nm 1,72 10−13 ± 7,1 10−15 2,04 10−13 ± 5,4 10−15 2,05 10−12 ± 9,0 10−14 8,33 10−12 ± 9,4 10−14

1 µm 7,57 10−14 ± 2,1 10−15 3,06 10−13 ± 1,6 10−15 5,19 10−13 ± 2,6 10−14 2,16 10−12 ± 1,9 10−14

3 µm 3,33 10−14 ± 5,6 10−15 1,20 10−13 ± 1,8 10−15 4,23 10−13 ± 9,7 10−15 1,55 10−12 ± 6,6 10−14

5 µm 2,36 10−14 ± 5,3 10−15 5,22 10−14 ± 1,8 10−15 6,17 10−13 ± 1,71 10−14 1,02 10−12 ± 2,3 10−14

Table 3.5: Resuming values of PRF and J for annealed coated substrates

Figure 3.20: SEM images on the left refer to as-deposited coated surfaces and images on right refer to post
annealed coated surfaces. Eurofer 97 disks coated with PLD-grown Al2O3 (a) 100nm; (b) 250nm; (c) 1µm; (d)
3µm; (e) 5µm.

However, an accurate SEM analysis, �gure 3.20, reveal no cracks or �lm delamination over

all the coated surface, comparing the value before and after thermal cycles (see tables 3.3,

3.5 and �gure 3.21 below) a general performance degradation is observed. Thus, the change
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Figure 3.21: (a-b)Show the resuming values of PRF and J in function of thickness for as-deposited substrates;
(c-d)show the resuming values of PRF and J in function of thickness for annealed substrates.

in performance is not caused by coating modi�cation or failures but it may be explained by

substrate structural changes after both thermal cycles and permeation measurements. Several

works underline the in�uence of the substrates in terms of surface preparation and materials.[80,

185, 186] In fact, as describe in sections 1.2.2 and 1.2.3, ferritic-martensitic steels su�er high

temperature working (i.e thermal cycles and heat treatments above 873-923K) which changes

their morphology. The main e�ects are an increasing in grain size (that produces a decreasing

in hardness), the evolution of some ferritic phase (mainly alpha phase ferrite well describe by

means the Hollomon-Ja�e relation) and various precipitates. In fact alloying elements (i.e C,

N, Ti, Nb, V, Cr and Mo) promote the formation of precipitates like Cr-rich M23C6, and

Ti, Nb or V-rich MX particles (where M stands for metals). The Cr-rich type precipitates are

mainly observed at the lath boundaries and prior austenite grain boundaries. These precipitates

obstruct the movement of dislocations, re�ne grains during heat treatment, and delay the plastic

deformation.[187�195]

Nevertheless, it is obtained the interesting technological result as breakeven point, meeting

the requirements of thickness and minimum PRF values. To reduce the radiological activities

by released tritium below 5 Ci day−1, as described in section 1.2.1, the required PRF value is

at least 1000 at the end of life of the breeding blanket.

Thanks to the defect free and fully dense and compact PLD-grown Al2O3, this requirement,

at the expected operating temperature of 823K, is obtained for a very thin barrier of 250nm of

thickness (see �gure 3.22). This result is a technological and economical breakthrough. In fact,

it allows to de�ne the exact amount of tritium loss through the breeding blanket, optimizing
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Figure 3.22: In black PRF in function of temperature for 250 nm PLD-grown pristine coating. Red dots
indicate the PRF for the sample annealed. However, the performance decrease of about 20%, after thermal
cycles the minimum PRF requirement is satisfy.

the tritium balance during all DEMO life cycle overall the radiological protection of workers.

Last, but not the least, it allows to de�ne the minimum economical impact of the coatings in

order to satisfy the minimum PRF requirement.

3.2.2 Deuterium permeation tests under electron irradiation

It is expected that hydrogen isotopes permeation during irradiation could be deeply modi�ed

by means radiation induced e�ects such as radiation enhanced di�usion, adsorption, des-

orption or radiation induced reaction between hydrogen isotopes and protective coating

materials.[196]

A full characterization of PLD-grown alumina has been carried out during 2016 in collaboration

with CIEMAT laboratories.

The �nal choice in this frame is to grow Al2O3 at low background gas deposition pressure

(obtaining a fully dense and compact barriers). Process parameters are listed below:

• laser pulse energy 410 mJ.

• laser pulse �uence ∼ 4 J cm−2.

• pulse repetition rate of 20 Hz.

• background oxygen pressure in the range 0,1 Pa

• base vacuum pressure ≤ 5 10−3 Pa.

• target to substrate distance of 5 cm.

In this study, the characterizations of the coating are investigated by SEM-EDX analysis,

XRD analysis and deuterium permeation tests under electron irradiation.

More speci�cally, deuterium permeation tests are carried out at Radiation Induced Perme-

ation and Released, RIPER, facility of CIEMAT, as shown in �gure 3.23.
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Figure 3.23: Scheme of RIPER facility at CIEMAT

Electron beams are produced by a linear Van de Graa� accelerator with the following ex-

perimental parameters:[197]

• Dose rates up to 400 Gy s−1.

• Testing temperature 723 K.

• Ion beam energy up to 1.8 MeV.

Substrates are Eurofer97 disks of 36mm of diameter and 0.7mm of thickness. Similarly to

substrates used for hydrogen permeation tests, these substrates are grounded using SiC paper

with increasing grits (up to 2400) and polished with diamond suspensions (up to 1µ m) and

cleaned with an ultrasonic device in ethanol and rinsed in distilled water.

Figure 3.24: Eurofer97 disks covered with 5µm of compact alumina. Substrates are 36mm in diameter and
0.7mm in thickness

Substrates are covered on one side with 5µm of compact alumina, in order to obtain a fully

dense permeation barrier. Figure 3.24, shows coated Eurofer97 disks.
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Composition of as-deposited samples are characterized by means SIMS and EDX analysis. As

shown in Figure 3.25(a) AlO and Al2 (two Al atoms together) are typical Al2O3 fragments for

Ar+ SIMS. Instead, Fe and Cr fragments are used for Eurofer 97 detection. The EDX line

scan pictured in Figure 3.25(b) con�rms that the external structure (�rst 5µm) consists of Al

and O in the ratio close to 2
3 .

Figure 3.25: (a) SIMS analysis for the 5µm PLD-grown alumina. (b) EDX line scan picture shows clearly the
interface between the alumina coating and Eurofer steel substrate.

In any case, both SIMS and EDX line scan underline a sharp transition at the coating-

Eurofer interface.

The sample is place in such a way to divide the RIPER facility in two sides, sealed on both faces

by copper rings as shown in �gure 3.23. In one side (the coated one) deuterium is continuously

introduced and the other side is irradiated by electron beam. The amount of permeating

deuterium through the samples is measured by a Pfei�er Smart Test (with a sensitivity of

10−12 mBarL sec−1.

Permeation tests are carried out at 723K for seven days. Temperature control and measurement

are performed by means a thermocouple welded on the uncoated side of the sample.

Figure 3.26: Deuterium permeation during and without electron irradiation for alumina coatings

During the tests, samples are heated up from room temperature up to 723K with a ramp

of 10K min−1. At this temperature, electron irradiation is performed for 8 hours. After that,
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sample is cooled down to room temperature rapidly. The same procedure is used for all testing

days. Figure 3.26 shows the deuterium permeation during this procedure. PRF is determined

comparing permeation results of bare Eurofer97 disk and alumina coated disks. As shown in

�gure 3.27 a PRF close to 1000 is observed with a reduction of permeation deuterium �ux

from 10−5 mBarL sec−1 (measured for bare disk) to 3 10−8 mBarL sec−1 (measured for coated

disks).

Figure 3.27: Dots in red de�ne deuterium permeation for bare Eurofer97 disk. Curve in green is the deuterium
permeation rate for coated samples during heating-cooling cycles.

Deuterium permeation measures are carried out for seven days within several thermal and

irradiation cycles.

Figure 3.28: Comparison between deuterium permeation after two days and seven days.

Even though a slightly increase of deuterium permeation rate up to 5 10−8 mBarL sec−1 is

seen (compared to 3 10−8 mBarL sec−1), after several days of measure no dramatic increase
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of permeation. keeping the PRF close to 1000. Figure 3.28 resumes the deuterium permeation

values during the days. Finally, these measures, according with hydrogen permeation results,

underline that alumina coating acts correctly as anti-permeation barrier.

3.2.3 Corrosion in static liquid eutectic Pb-16Li

Corrosion of steels by heavy liquid metal compounds depend on many factors, as described in

section 2.2 and shown in �gure 3.29.[198] Two of the most important parameters are temperature

and oxygen concentration in the liquid metal.

Figure 3.29: Simple view of corrosion synergies in liquid metals.[198]

Generally, for a given temperature, corrosion proceeds by oxidation if the oxygen content is

high enough.

Figure 3.30: Changing in weight during the time for austenitic 316 and ferritic-martensitic HT9 stainless steels
in static pure Li and eutectic Pb-17Li at 773 K.[200]
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On the contrary, if the oxygen content is very low, direct dissolution of the most important

alloying components of steels takes place. Since austenitic alloys are particularly susceptible

to this type of corrosion (as well as swelling under severe neutron irradiation) due to the con-

siderable amount of Ni, ferritic-martensitic alloys are the major candidate for DEMO breeding

blankets (see sections 1.2.2 and 1.2.3). E�ect of pure Li on structural steels is mainly related to

penetration on grain boundaries, producing precipitates that a�ect mechanical properties such

as ultimate tensile strength, ductility of material and reducing of ultimate creep strength[199].

Although, pure Li can act as both tritium breeder and coolant under certain accident conditions,

this alloy would exotically react with water and air. Low-melting eutectic lead-lithium, Pb-

16Li, alloys are potential tritium breeding materials forWCLL, HCLL andDCLL breeding

blankets designs. Additionally, the lead provides neutron multiplication as well as �rst wall

cooling. Several experiments with static and �owing eutectic lithium-lead, have shown how

lead-rich solution acts like pure lead.[50,85,113,114,167,200�204]

In pure lead environment the corrosion rate is much higher when it proceeds by dissolution,

and in this condition it is generally avoided by injecting oxygen into the liquid lead. Ceramic

coatings, such as Al2O3 provide a promising alternative to this strategy. However, oxygen con-

centration in Pb-16Li alloy is a fundamental parameter when coating strategy is considered.

As shown in �gure 3.31, activity of Pb-16Li changes drastically in function of oxygen content

and temperature. In some condition, it is evident how Al2O3 can be unstable, mainly due to

the chemical reduction attack lead by lithium.

Figure 3.31: Thermodynamics scenarios in function of oxygen content and temperature. Alumina is stable in
pure lead environment even at high temperature. Pure lithium has more favorable energy formation of oxide
respect to alumina. Then in some condition of temperature and absent of oxygen content alumina results
unstable in eutectic Pb-16Li alloy

During last decades, thermodynamic studies on coatings stability are carried out on eutec-
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tic Pb-17Li saturated with oxygen. Considering oxides barrier materials, diversity of their

behavior is displayed. Among the most common oxides (around the DEMO operating tem-

perature 723K - 823K) for example chromia, Cr2O3 is unstable even in saturated condition

and it reduces to metallic chromium. In case of Alumina, Al2O3 is quite stable to reduc-

tion to metal with a Gibbs free energy close to zero, ∆rG
a = 143, 8kJ mol metal−1. (On the

contrary, Al2O3 is unstable to reduction to metal in saturated pure lithium). Moreover, ther-

modynamics calculations indicate that decreasing the oxygen concentration and increasing the

temperature lead to more negative value of Gibbs free energy of oxide formation, then to the

oxide instability.[61, 118,205]

More recent works carried out at high temperature (up to 1073K) in saturated eutectic Pb-17Li

underline the degradation of Al2O3 by means of the formation of ternary oxide. Since ternary

oxide, namely LiAlO2, is thermodynamically favored, it results more stable to reduction to the

metal.[61, 118,121,122,164,205]

In this study, the e�ectiveness of the coating is investigated by the short-term (around 1000h)

exposure of coated and uncoated samples to stagnant molten Pb-16Li. Corrosion tests are

carried out at C.R. ENEA of Brasimone (BO) and longer tests (2000h, 4000h and 8000h) at

the same condition are still undergoing.

The aim of the tests is to provide a simple comparison of the performance of the coating with

respect to uncoated samples. For this reason, neither an active oxygen control is performed nor

chemical condition of the HLM during the exposure are assessed systematically. The thickness

of investigated ceramic coating is 1µm on both sides of the plate as shown in �gure 3.32.

Figure 3.32: (a)Scheme of eurofer97 plates, plates are 40mm long, 8mm width and 3mm thick. (b) Pristine
plates covered with 1 µm of PLD-grown alumina.

Coated and uncoated samples are characterized in a dedicate facilities in order to minimized

the oxygen content and contamination of Pb-16Li by impurities such as: corrosion products

and metals intrinsic impurities. Cylindrical vessels are equipped with an alumina crucible

(125mm in diameter and 220mm height) positioned on the bottom of the vessel itself.
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A system of rods handling is used to plunge the samples inside the melted Pb-16Li alloy. In

�gure 3.33 is pictured the testing facility.

Figure 3.33: (a) Alumina crucible on the bottom of cylindrical stainless steel vessel. (b) Valves and vessel
hydraulic connection with rods handling system. Courtesy of ENEA

Figure 3.34: Thermodynamic condition of the corrosion test performed in collaboration with ENEA Brasimone
(BO). Test is carried out at 823K in dissolutive condition. Oxygen concentration may lead to dissolutive condition
for alumina.

To avoid impurities charging inside the vessel, Pb-16Li is charged by following the procedure

below:

• Pb-16Li ingots are surface cleaned.

• Inside a melting tank, after a two days of vacuum at 400K, ingots are melted in pure

argon (99,9999%) overpressure atmosphere up to 573K±5K.
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• Melted Pb-16Li is moved inside the vessel (test section) by means of a tube with PORAL

�lter (to avoid impurities charging).

• About 12 Kg of Pb-16Li eutectic are loaded inside the vessel and solidify at room tem-

perature.

• Samples are inserted into the vessel.

• Ceramic capsule is heated up to 823K in 0,8bar overpressure of pure Argon (static condi-

tions).

Figure 3.34 shows the nominal thermodynamic condition of the test, which is attained

performing the experiment in an ultra pure Ar atmosphere (H2O concentration down to 10−3

wppm and O2 concentration down to 5 10−4 wppm. Then, corrosion test is carried out in

dissolutive condition, may close to the eutectic Pb-16Li saturation. At the end of the test, rods

handling put o� the samples from the molten Pb-16Li. Samples are left to cool down inside

the vessel. As shown in �gure 3.35 the eutectic alloy adheres to the surfaces of both coated and

uncoated samples. While uncoated sample is oxidized the coated sample is still intact.

Figure 3.35: Coated and uncoated samples after 1000h in stagnant Pb-16Li at 823K. Uncoated sample is
clearly corroded, on the contrary the coated sample seams, by visual inspection, to be in perfect conditions.

The comparative interpretation of the results of the tests is straightforward. Eurofer97 suf-

fers of corrosion-dissolution and generalized grain boundaries attack by molten lithium. Figure

3.36 shows SEM images grain boundaries attack of the uncoated sample.

Figure 3.36: (a-b) Grain boundaries attack is a typical phenomena due to the lithium penetration. Moreover,
dissolution phenomenon occurs by means of liquid lead.
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Figure 3.37: Cross-sectional SEM (a-b) of coated eurofer 97 plate exposed to liquid Pb-16Li for 1000h at 823
K. The thickness of the coating is still around 1 µm. (c) Top-view SEM images of the coating after exposure.

By contrast, signs of corrosion are not found on the coated sample. Figure 3.37 shows

cross-sectional SEM images of coated sample. No cracks, delamination phenomena or coating

thickness reduction are observed. Some traces of interaction can only be visible by means SEM

on-top image as shown in �gure 3.37(c). A possible explanation may be the dissolutive condition

due to the low oxygen concentration. In some conditions, in term of oxygen concentration

and temperature, alumina results unstable (∆rG
a ≤ 0) in eutectic Pb-16Li, and as mention

before, oxygen concentration during the corrosion experiment could lower enough, see �gure

3.34.[61,118,205] Longer corrosion tests, that are still undergoing at ENEA Brasimone, may

answer to this question.

3.3 Atomic Layer Deposition approach for complex geom-

etry barrier coating

One of the target of this Ph.D work is to develop a custom made Atomic Layer Depo-

sition, ALD facility, optimized for stainless steel coating with complex geometry. ALD is

a well known deposition technique, largely used for depositing very conformal thin �lms for

a variety of applications, mainly: organic electronics, semiconductor processing and

micro-mechanics coating. More and more miniaturization has produced very high aspect

ratio structures that need to be coated conformally. Moreover, the necessity for continuous

and pinhole-free thin �lms (e.g. ultra-low gas di�usion barriers) is matched perfectly only by

ALD deposited �lms.[206�209] The aim of this project is to optimize the deposition process

for stainless steel substrate of a stop �ow thermal ALD. However thermal ALD is the �rst

of kind design developed, is the only candidate that can be scalable-up to cover the entire and

assembled breeding blankets.

Thanks to the self-limiting behavior of thin �lms growing, it could be possible to cover

conformally the entire breeding blanket, injecting the right quantity of precursor (substrate is

the whole breeding blanket volume) and using the breeding blanket itself as reaction chamber.

As shown in �gure 3.38, ALD facility is composed of stainless steel deposition chamber with

a heated sample holder, ranging from room temperature up to 523K. Precursors are stored

inside a separated stainless steel tanks, isolated from the deposition chamber by an ALD

pneumatic valve (Swagelok R© ALD3 diaphragm valve). As described in section 5.2, precursors

are injected inside the chamber separately, driving by means of the pressure gradient due to

the vapor pressure stability of the precursor before the ALD valve and the vacuum inside the
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Figure 3.38: Laboratory mock-up scale ALD facility. ALD is set up for binary processes, in particular two
separated precursor lines carried the precursor inside the reaction chamber. Samples are hold on a heated
sample-holder ranging from room temperature up to 523K.

reaction chamber. To choose the right partial pressures of precursors (then, the right quantity

of precursors to complete each half-reactions, (see section 5.2) tanks can be heated separately

as well as the ALD valve opening can be set separately (starting from 50ms).

Each reaction with the surface must happen with the proper precursor. For ensuring so, before

each precursor injection, the reaction chamber is purged by an inert gas (generally Ar or N2)

and subsequent vacuum is reached by using a turbo-molecular pump, in the order of 10−4Pa.

Preliminary work and experiments are focused on setting up and characterization of ALD

machine by depositing the most common metal oxides material such as alumina, Al2O3 and

titania, TiO2 (more details in section 5.2). In particular the aim is to de�ne the right set up

of parameters such as: precursors temperature, sample holder temperature, purging time, ALD

valve opening time, pumping time (to ensure the adequate level of vacuum) and reaction time

(or precursor residence time) in vacuum chamber.

Tuning up these parameters is possible to perform a calibration, obtaining the so-calledALD

regime. Since the self-limiting nature of the deposition process, ALD regime is characterized

of a linear dependence of �lm thickness to the number of cycles, as shown in �gure 3.39. In the

case of metal oxides tested here, the ALD regime is obtained for precursors temperature in

the range of 313 - 333K, sample holder temperature ranging from 353K - 450K, purging time

over 120s, pumping time over 180s and reaction time above 5s.

For lower temperature of precursors, the vapor pressure is too low for reaching the saturation

inside the vacuum chamber. Higher temperature of precursors may cause the boiling with

condensation and consequently goggling of piping. Lower sample holder temperature may cause

the condensation of the un-reacted (surplus) precursor inside the vacuum chamber. Instead,

for temperature above 450K a phenomenon of precursor dissociation starts. The consequences

are uncompleted surface half-reactions with a reduction of growth rate as well as changing in

thin �lm properties.

Furthermore, the best thin �lm properties in term of density and conformality are obtained

at 450K of sample temperature for both oxides. Figure 3.40(a-b) shows respectively titania
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Figure 3.39: Graph shows the characterization growth regime of both Al2O3 and TiO2 at 450K developed
during this Ph.D. work. The linear dependence of thin �lm thickness with number of cycles underline an ALD
regime growth

Figure 3.40: (a)Cross-sectional SEM of 300 cycles of TiO2 grown at 450K. (b)Cross-sectional SEM of 300
cycles of Al2O3 grown at 450K. Both thin �lms show defect and pinhole free surface. Moreover, all substrate
surface is homogeneously covered.

and alumina thin �lm deposited at 450K. Compactness and pinhole free surface are obtained.

Finally, a �rst of kind tests in order to provide the Al2O3 coating conformity on cylindrical

geometry, adhesion and barrier properties is carried out by means of thermal cycles in air.

AISI 316L stainless steel tube and plate are covered respectively with 100cycles (∼40nm) and
300cycles (∼130nm), as shown in �gure 3.41.
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Five thermal cycles are performed in air, from 523K to 823K with heating and cooling ramp

of 4K per minute. In �gure 3.41(a) and (c) are shown samples as deposited. After the thermal

cycles, the coating seems to adhere and no delamination phenomena are detected. Moreover,

looking in detail �gure 3.41(b) the uncovered steel is clearly oxidized, instead the cover surface

is still as pristine. The same behavior is obtained for the plate as �gure 3.41(d) shows.

Figure 3.41: Samples are covered with ALD grown Al2O3 at 450K. (a)Pristine stainless steel tube covered with
100 cycles of alumina. (b)Covered tube after thermal cycles, evidence of oxidation is present for the un-covered
area. Covered surface is look as pristine. (c)Pristine stainless steel plate covered with 300 cycles of alumina.
(d)Covered plates after thermal cycles appear intact.
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4.1 Summary & Outlook

This Ph.D thesis has presented experimental investigations, accompanied by models for their

interpretation, carried out with gaseous permeation and static heavy liquid metal corrosion. To

meet fusion-grade requirements a promising process, namely PLD, as well as a custom ALD

facility are proposed according to a bottom-up approach.

In the �rst part of the work, hydrogen transport and inventory parameters (permeability, acti-

vation energy) and engineering parameters (PRF and J) are determined for ferritic-martensitic

(eurofer97) bare and PLD coated steels. In particular, PLD-grown alumina, thanks to its den-

sity and defect-free conditions, obtained an unprecedented PRF value close to 105 at 973K, an

order of magnitude grater than the most performance crystalline bulk alumina.[124,133,158,160]

The condition of the surfaces is of crucial importance for the growth of PLD alumina and for

hydrogen permeation. In fact, PLD-grown alumina follows the surface roughness that can in-

�uence the �lm adhesion and performance[159]. Thus, an accurate grounding and cleaning

protocol has been developed.

Characterization of PLD-grown barrier is performed in PERI II facility in DEMO relevant con-

ditions measuring hydrogen permeation in continuous �ow by using a quadrupole mass

spectrometer. Temperatures ranging from 623K to 923K are tested using a hydrogen partial

pressure of 100mBar. After a preliminary screening of di�erent PLD-grown barrier morphology,

made by changing the background gas pressure, the followed choice is to to develop and opti-

mize the deposition process for compact alumina. Several thicknesses of compact barrier �lms

are tested (100nm, 250nm, 1µm, 3µm and 5µm) as pristine and after a severe thermal cycles

(50 cycles, from 523K to 873K with heating and cooling ramp of 2K per minute and dwelling

time of 2h in pure Ar (99,99999%) environment. Results underline a slight decreasing of barrier

performance that can be caused by a metallurgical modi�cation of substrates. In fact, accurate

SEM analysis reveal no cracks or morphology modi�cation of the PLD-grown barrier.

Moreover, interesting engineering results are extrapolated from these tests and measures. Con-

sidering, the target barrier of PRF∼1000 at the end of the breeding blankets life, PLD-grown

alumina meets this value already for 250nm thick �lm, even after thermal cycles. This result has

engineering and economic importance for the developing of breeding blankets coating, allowing

to de�ne cost and materials inventory.

In the last part of the work, the same PLD-grown alumina is used to cover several eurofer 97

plates. In collaboration with ENEA Brasimone, the main goal is to characterize the coating

as corrosion barrier in liquid eutectic Pb-16Li. The selected thickness, considering the previous

results on permeation tests, is 1µm deposited on both sides.

Using the same condition in term of oxygen concentration (dissolution condition) and a temper-

ature of 873K as temperature, several tests at di�erent exposure time (1000h, 2000h, 4000h and

8000h) are expected. Shown results in this thesis regard 1000h test. Essentially, SEM analysis

have been performed after the corrosion tests. Cross-sectional and top SEM images, for coated

samples, have been shown substantially the integrity of the coating with some interaction on

the surface.

Finally, during all the Ph.D. program a development of custom made ALD facility has been

carried out. Unfortunately, PLD facility cannot cover a complex and closed geometry like breed-

ing blankets. One of the most candidate, that make requirements of conformity, defect-free and

high density coating is of courseALD process. Work has been done on process characterization,
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de�ning the set of parameters (ALD valve timing, reaction time, background pressure, purging,

precursor temperature and process temperature) to obtained the so-called ALD regime. This

condition has been de�ned both for alumina and titania.

The last part, that is still undergoing, has focused on optimization of deposition process onto

stainless steel substrates. Preliminary thermal cycles tests have been carried out. Five cycles

from 573K to 873K with a heating and cooling ramp of 4K per minute in air have been per-

formed, showing a good thin adhesion and e�ectiveness barrier against air corrosion.

In spite of exiting results, further research and development is required to qualify the use of

ceramic coating in DEMO breeding blankets. More speci�cally, the performance of the PLD-

grown coating must be assessed in complex and �nal geometry with particular concern for the

main degradation modes to which breeding blanket material will be exposed. The most

important are listed here:

• Gaseous permeation tests at di�erent hydrogen partial pressure

• Gaseous permeation tests at higher temperature

• Permeation tests of exposed to eutectic Pb-16Li samples

• Long term exposure to �owing heavy liquid metals

• thermal creep, fatigue, thermal shock

• neutron irradiation

Further improvements of the overall coating performance are desirable in term of ductility,

toughness, and adhesive strength.

Indeed, a lot of work must be required for the ALD ceramic thin �lms coatings. In particular

preliminary permeation and corrosion tests are mandatory.

4.2 Concluding remarks

In this Ph.D. thesis PLD technique has been shown to be a valuable option to produce e�ec-

tiveness barrier against both hydrogen permeation and corrosion. Although, further R&D is

required, PLD-grown alumina is viable in principle.

However, unprecedented results are obtain in term of PRF, close to 105 for this amorphous

alumina. Moreover, the examination of coated plates after short-term corrosion in static Pb-

16Li at 873K reveal no evident signs of corrosion. Finally, ALD has a great potential in term

of coating development. Dense, compact and pinhole free alumina thin �lms are already devel-

oped. In conclusion, amorphous Al2O3 processed at room temperature by meas PLD process

is a suitable and promising ceramic coating for DEMO breeding blankets.
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5.1 Pulsed Laser Deposition process

Pulsed Laser Deposition (PLD) is a deposition technique for thin and nano-structured �lm

growth which has started to blossom in the past few years. Conceptually and experimentally,

PLD is extremely simple as shown in �gure It consists of a target holder and a substrate holder

housed in a vacuum chamber. A high-power laser is used as an external energy source to

vaporize materials from the target and to deposit thin �lms on the substrates.

Figure 5.1: Schematic diagram of a pulsed laser deposition apparatus

The resulting �lms typically possess a Gaussian thickness pro�le. A set of optical com-

ponents is used to focus and raster the laser beam over the target surface, which generally

mobilized to achieve uniform ablation. The decoupling of the vacuum hardware and the evap-

oration power source makes this technique so �exible that it is easily adaptable to di�erent

operational modes without constraints imposed using internally powered evaporation sources.

Film growth can be carried out in a reactive environment containing any kind of gas with or

without plasma excitation. In contrast to the simplicity of the hardware, the laser-target inter-

action is a very complex physical phenomenon. Theoretical descriptions are multidisciplinary

and combine both equilibrium and non-equilibrium processes. The mechanism that leads to

material ablation depends on laser characteristics, as well as the optical, topological, and the

thermodynamically properties of the target. When the laser radiation is absorbed by a solid sur-

face, electromagnetic energy is converted �rst into electronic excitation and then into thermal,

chemical, and even mechanical energy to cause evaporation, ablation, excitation, plasma for-

mation, and exfoliation. Evaporants form a plume consisting of a mixture of energetic species,

including atoms, molecules, electrons, ions, clusters, micron-sized solid particulate, and molten

globules. The collisional mean free path inside the dense plume is very short. Thus, immediately

after the laser irradiation, the plume rapidly expands into the vacuum from the target surface

to form a nozzle jet with hydrodynamic �ow characteristics. This process attributes to many

advantages as well as disadvantages. The advantages are �exibility,fast response, energetic

evaporants, congruent evaporation, and great variety of �lm structures that can be obtained

(e.g. compact and homogeneous, columnar or porous). The disadvantages are the presence of

micron-sized particulate, and the narrow forward angular distribution that makes large-area
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scale-up a very di�cult task. PLD is so versatile that with the choice of an appropriate laser,

it can be used to grow thin �lms of any kind of material.[210]

5.2 Atomic Layer Deposition process

Atomic Layer Deposition (ALD) is a vapor phase technique capable of producing high

conformal thin �lms of a variety of materials.

ALD is based on sequential, self-limiting reactions, that o�ers exceptional conformality on

high aspect ratio structures. (see �gure 5.2).

Figure 5.2: (a-c) Examples of oxide thin �lm (Al2O3) deposited on high aspect ratio substrates. Thin �lm

results conformally on overall the coated surfaces.[211]

Atomic Layer Deposition was introduced by Suntola and Anston in 1977 as Atomic Layer

Epitaxy depositing ZnS onto �at panel displays. As the most common Chemical Vapor Deposi-

tion (CVD) technique, ALD is characterized on chemistry-based reaction to grow the thin �lm.

In contrast to its CVD analogs, the ALD procedures feature alternating exposure of chemical

precursors to react to form the desired material (see �gure 5.3, often at signi�cantly lower

temperature.

Figure 5.3: Schematic of a ALD binary process. Precursors react separately with the substrate surface in a

self-limiting reaction.[212]

Thus, a general ALD process consists of a sequential alternating pulses of gaseous chemical

precursors that react with the substrate. These individual gas-surface reactions are called half
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reactions and appropriately make up only part of the materials synthesis. During each half

reactions, the precursor is pulsed into a chamber under vacuum (less than 10−5 Torr for a stop

�ow design and around 1 Torr for continuous �ow design) for a designed amount of time to

allow the precursor to fully react with the substrate surface through a self-limiting that leaves

no more than one mono-layer at the surface. Subsequently, the chamber is purged with an

inert carrier gas (typically N2 or Ar) to remove non reacted precursor or reaction by-products.

Thus, this processes is cycled until the appropriate �lm thickness is obtained.[211�215] Here, are

reported the essential chemistry of self-limiting reaction of the main oxides materials deposited

by means of the ALD technique.

Alumina

(A) AlOH + Al(CH3)3 → AlOAl(CH3)2 + CH4

(B) AlCH3 + H2O → AlOH + CH4

The overall reaction is:

(C) 2Al(CH3)3 + 3H2O → Al2O3 + 3CH4

with a ∆H = -376 kcal.

Titania

(A) TiCl4 + 2H2O → TiO2 + 4HCl

with a ∆H = -16 kcal.

5.3 Characterization

In this session a review is given on the methods used to characterize the materials and the

devices presented in the thesis.

Scanning Electron Microscopy (SEM)

On-top and morphologies images were performed with a scanning electron microscope Jeol at

the Center for NanoScience and Technology of Istituto Italiano di Tecnologia. High resolu-

tion imagining, such as cross-section, was performed with a �eld emission scanning electron

microscope Zeiss Supra 40. A at the energy department of Politecnico di Milano.

Atomic Force Microscope (AFM)

The roughness was measured with an Agilent Technologies Atomic Force Microscopy

model 5500. Static tip de�ection was used as a feedback signal. Root Mean Square Roughness

(or Rms) was measured and evaluated as an average of nine measurements carried out on

di�erent sample spots.
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Chapter 5

PERI II

The permeation of hydrogen through bare and coated Eurofer97 discs (52 mm diameter and 1

mm thickness) was measured using the PERI II facility, a courtesy of research center of ENEA

Brasimone (Bologna, Italy).[115] A scheme of the facility is shown in �gure 5.4

Figure 5.4: Schematic diagram of PERI II facility.

PERI II contains:

• High pressure section. Here, the pump group takes pressure down to 10−5 Pa. Then,

the pumping systems are isolated and the pressure is raised with pure H2 up to 100 mBar.

• Low pressure section. Pump group keeps pressure constantly in the range of 10−5 Pa,

and a quadrupole mass spectrometer reads ion current due to permeation of H2 through

the samples.

• Test section. Here, samples (bare and coated) divides the high pressure section from the

low pressure section. The temperature can be set between room temperature and 1023K.

In this thesis the temperature tested were 623K, 723K, 823K and 923K.

Quadrupole Mass Spectrometer

H2 permeation through samples were detected by using a Quadrupole Mass Spectrometer,

Pfei�er QMS200 Prisma 80. Hydrogen detection results in ion current variation measured

by QMS.
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