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Chapter 1 

Introduction 

1.1. Preamble 
The core structural materials of a nuclear reactor undergo severe displacement 

damage due to neutron irradiation. The gases such as helium and hydrogen introduced by 

nuclear transmutation reactions further complicate the issue by stabilizing the irradiation-

induced vacancies against the vacancy-interstitial recombination. The survival and growth of 

irradiation-induced defects during normal reactor operation conditions lead to the loss of 

ductility and premature failure of the core-structural materials. In fusion reactors, material 

degradation is even faster due to the synergistic effect of hydrogen and helium produced 

along with high displacement damage. Apart from the desirable mechanical and high-

temperature properties, low induced-activity is another requirement that ensures the safe and 

easy disposal of spent nuclear core components. Low activation steels have been developed 

in many countries as a part of the Test Blanket Module (TBM) development programme of 

the International Thermonuclear Experimental Reactor (ITER) project. In India, Indian 

Reduced Activation Ferritic/Martensitic (INRAFM) steel has been developed as a structural 

material for Indian Lead-Lithium Ceramic Breeder Test Blanket module (LLCB-TBM) in 

ITER. Scope of this thesis work is to study the irradiation effects in INRAFM steel at 

conditions that are relevant to fusion reactor first-wall environment. Study of defect-

complexes induced by hydrogen and helium irradiation and their thermal evolution is one of 

the prime focuses of the thesis. This chapter discusses about the classification of radiation-

resistant steels, proposed low-activation materials for fusion reactors, Indian TBM in ITER 

and INRAFM steel, irradiation effects in materials, helium migration mechanisms at various 

irradiation environments, helium bubble nucleation and growth mechanisms, hydrogen traps 

in materials, positron annihilation spectroscopic techniques and their effectiveness in 

studying irradiation effects in materials. 

1.2. Radiation resistant steels 
Core-structural components in nuclear reactors must possess adequate resistance to 

neutron-induced displacement damage, better thermal conductivity and high-temperature 

mechanical properties, and compatibility with the coolant, fuel and transmutation products 

[1-7]. In thermal nuclear reactors where the average energy of neutrons is ~25 meV, 

zirconium-based alloys are mainly used as the core structural components [8]. But in fast
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reactors, where the average neutron energy is in a few MeV’s, specially designed steels with 

high resistance against void swelling are used [9]. Radiation resistant steels are broadly 

classified into two categories; austenitic steels and ferritic steels. Austenitic stainless steels 

have face-centered cubic structure, contain 15-25% chromium and are non-magnetic. The fcc 

microstructure of the austenitic steel has been derived by the addition of nickel, manganese 

and nitrogen. Commonly used austenitic steels for nuclear applications are SS 316, SS 304, 

alloy D9, etc. [7, 9]. Ferritic steels possess body-centered cubic structure and are magnetic in 

nature. Ferritic steels containing 9-12% chromium is considered as a potential candidate for 

future reactor systems due to their excellent resistance against irradiation-induced swelling as 

compared to austenitic steels [3, 10-13]. Ferritic steels that are being used in reactor 

applications are Mod.9Cr-1Mo (T91 grade) steel, HT9 and Reduced Activation 

Ferritic/Martensitic (RAFM) steels such as EUROFER-97, CLAM steel, JLF-1 etc. 

1.3. Fusion reactor program and the need for low activation structural 
materials  

Energy production in a nuclear fusion reactor is due to the deuterium-tritium (D-T) 

fusion reaction: 

 
(1.1) 

The 14.1 MeV neutrons resulting from the D-T fusion reaction will have detrimental effects 

on core structural materials. These fusion neutrons induce severe displacement damage and 

radioactivity via nuclear transmutation in the core structural materials. For the successful 

realization of fusion reactors, a high-performance structural material which can withstand 

high displacement damage from fusion neutrons, stability against the void swelling and 

embrittlement due to transmutation gases, high tolerance to intense thermo-mechanical 

stresses and compatibility with high-temperature coolants is required. Other important 

international mandates, such as intrinsic safety and minimum long-term environmental 

impact put additional constraints on the selection of fusion reactor components [14]. The 

long-term environmental impact, due to the presence of long-lived radioisotopes induced by 

high energy neutrons put an additional burden of long term interim storage of radioactive 

waste and their safe disposal. Owing to the demand for high-performance structural materials 

with low induced-radioactivity, the fusion research community is left with a few options for 

the core-structural materials. Ferritic/Martensitic steels with well-optimized composition to 

attain the criteria of reduced activity, refractory alloys based on tungsten or vanadium and 

SiC/SiC ceramic composites are the prime candidates undergoing extensive studies to test 
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their compatibility with future fusion reactor systems [15, 16]. Another class of ferritic steels 

named Oxide Dispersion Strengthened (ODS) steel in which highly stable nano-scale oxide 

clusters are dispersed in the ferritic matrix has also been under consideration for future fusion 

reactor systems [12, 17]. 

 
Figure 1.1 a) Specific dose rate vs. cooling time of twelve technologically important 
elements (reused with permission from ref [18], Copyright: Taylor and Francis 
(1990)) and b) variation of surface gamma dose rate with respect to cooling time  for 
conventional austenitic steel (316L), ferritic steel (T91/P91) and different RAFM 
steels under fusion reactor first-wall demo conditions (reused with permission from 
ref [17], Copyright: Elsevier (2005)). 

1.4.  Reduced Activation Ferritic/Martensitic (RAFM) steel 
Since the conventional steels contain elements that induce long-lived radioactive 

transmutation products, the prolonged radioactivity of these steels makes the post-irradiation 

handling and storage very difficult. Hence, long term interim storage is necessary for these 

materials before permanent disposal. This will have considerable environmental and cost 

implications. High amount of long-term induced-activity is mainly due to the presence of 

elements such as Mo, Nb, Ni, Cu, B, Co, N, Al etc. [19]. Neutron-induced transmutation 

reactions convert these elements into their long-lived radioisotopes. Figure 1.1(a) shows the 

variation of induced-activity measured in specific dose rate (Sv/h) as a function of cooling 

time or time after irradiation for some technologically important component elements of 

structural materials [18]. The dose rate was calculated for the fusion reactor first-wall demo-

conditions. When the elements like V, Cr, Mn, Ti and Fe reaches the hands-on level radiation 

after 103 years of irradiation, other elements like Mo, Nb, Al etc. show a high amount of 

induced-activity even after 106 years [18]. To solve this issue, another class of 

Ferritic/Martensitic (FM) steels named Reduced Activation Ferritic/Martensitic (RAFM) 
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steels have been developed from conventional FM steels, by replacing the elements such as 

Mo and Nb that induce long-lived transmutation products by W and Ta, and strictly 

restricting other minor alloying elements such as Ni, Cu, Al, Co and B [17, 20]. Figure 1.1 

(b) shows the induced-activity in steels under fusion reactor first-wall demo environment 

[17]. The conventional austenitic steel (AISI 316L) and ferritic steel (T91/P91) show high 

induced-radioactivity above the remote recycle level (~10-2 Sv/h) for 104-105 years after 

irradiation [17]. But in RAFM steels (EUROFER-97, F82H-mod, EUROFER-ref), proper 

tailoring of composition brings the induced-activity to remote recycle level within 100 years 

[17]. This reduces the risk associated with long-term interim storage and reprocessing of 

irradiated core-structural materials. RAFM steels have been developed in many countries as a 

structural material for the Test Blanket Module (TBM) in ITER, France. EUROFER-97 

(Europe), CLAM steel (China), F82H and JLF-1 (Japan) and INRAFM (India) are a few 

examples [3, 21-23]. All the above RAFM steels are Fe-(9-12) wt% Cr based and contains 1-

2 wt% W and 0.02-0.08 wt% Ta [24]. 

Table 1.1 Composition of Indian Reduced Activation Ferritic/Martensitic (INRAFM) 
steel used in this study [19]. 

Elements wt.% Elements wt.% 

Cr   9.03 B <0.0005 

W   1.39 Ti <0.005 

Ta   0.06 Nb <0.001 

V   0.24 Mo <0.002 

C   0.126 Ni   0.005 

Mn   0.56 Cu   0.002 

N   0.03 Al   0.0035 

O   0.002 Si   0.06 

P <0.002 Co   0.005 

S <0.001 As+Sn+Sb <0.004 

 

1.5.  Indian Reduced Activation Ferritic/Martensitic (INRAFM) steel 
Indian Reduced Activation Ferritic/Martensitic (INRAFM) steel has been developed 

as a core structural material for Indian Lead-Lithium Ceramic Breeder Test Blanket Module 

(LLCB-TBM) to be used in ITER [9, 19, 23, 25]. The complete composition of INRAFM 

steel used in this study is given in table 1.1 [19]. The elements that induce high radioactivity 
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(Mo, Nb, B, Cu, Ni, Al, Co, Ti) and the elements that promote embrittlement (S, P, As, Sb, 

Sn, Zr, O) are strictly controlled by careful selection of raw materials and stringent 

manufacturing methods [26]. The composition of W and Ta was optimized based on the 

desired performance of the material under mechanical testing such as tensile, impact, low-

cycle fatigue, and creep [25]. More details on the optimization of composition were given in 

ref [19]. The steel ingots were fabricated in Mishra Dhatu Nigam (MIDHANI) Limited, 

India. Normalizing and tempering heat treatments were optimized at 1253 K for 30 minutes 

and 1033 K for 1 h. The heat treatment was optimized based on the variation of prior 

austenite grain size and hardness of the steel with temperature and time [12]. The 

normalization heat treatment at 1253 K ensures complete dissolution of M23C type carbide 

precipitates and the desired growth of austenitic grains [12]. The subsequent air cooling from 

1253 K leads to the formation of martensite. The tempering treatment at 1033 K relieves the 

stress and improves the ductility of the steel. A more detailed study on the microstructure of 

INRAFM steel using electron microscopic techniques has been reported in the literature [12, 

26-28]. The microstructural studies show that the tempered martensitic structure of INRAFM 

steel contains chromium and tungsten rich M23C6 precipitates on the lath and prior austenite 

grain boundaries, and fine tantalum and vanadium-rich MX-type precipitates on the 

dislocations inside the laths [12]. 

Indian LLCB-TBM has been developed with a prime objective of testing its capability 

to breed the tritium with a breeding ratio>1, and the extraction of heat from tokamak with 

acceptable thermal efficiency [25].  A schematic of the major components of TBM is shown 

in figure 1.2 [25]. Indian LLCB-TBM consists of both solid and liquid breeder blanket 

assemblies. The solid ceramic breeder consists of lithium titanate in the form of packed 

pebble beds, and the liquid breeder consists of PbLi eutectic. The PbLi eutectic acts as both 

tritium breeder and coolant. INRAFM steel has been used as the structural material for the 

first-wall, which is being cooled by high-pressure helium gas. As shown in figure 1.2(a), the 

first-wall, top plate, bottom plate and the back plates are made up of INRAFM steel [25]. 

Figure 1.2(b) shows the cross-sectional view of the TBM [29]. A low-pressure helium purge 

circuit at 1.2 bar with 0.1% hydrogen is used to extract the tritium produced in the ceramic 

breeding zone [30].  

 



Chapter 1   

6 
 

 
Figure 1.2 Schematic of the a) major components and b) cross-sectional view of 
Indian LLCB-TBM at ITER. The figures were adopted with permission from ref [25, 
29] (Copyrights: Elsevier (2014)). 

1.6.  Irradiation effects in materials  
High energy particles knock off the atoms from their lattice positions and produce 

vacancy-interstitial pairs or Frankel pairs as primary irradiation-induced defects. The atom 

displaced from its lattice site due to direct collision with the incident high energy particle is 

known as the primary knock-on atom (PKA). The energetic PKA atom collides with the 

surrounding atoms in the lattice and displaces some of them from their lattice positions. This 

process continues for all those atoms displaced from their lattice sites having energy greater 

than displacement threshold and ultimately end up in a “displacement cascade”. The extent of 

irradiation damage has been measured in displacement per atom (dpa), which is defined as 

the average number of times that an atom has been displaced from its lattice position for a 

given fluence of incident particles. Both vacancy and interstitial type defects are mobile at 

reactor operating temperatures, they can either recombine and eliminate each other or migrate 

towards sinks such as grain boundaries, dislocations, surfaces precipitate-matrix interfaces 

and get absorbed. Those point defects that survive from the sinks or recombination can 

agglomerate and form various types of higher-order defects such as clusters, voids, 

dislocations/dislocation loops, stacking faults etc. Typical time scales of the chain of events 

that happens during irradiation is given in Table 1.2 [31]. The irradiation damage events that 

start from the creation of PKA’s to the formation of defect clusters happen within 10-11 s of 

irradiation. Thermal migration of point defects and defect-clusters that leads to their 
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recombination, additional clustering or dissolution, and trapping happens at a time scale 

greater than 10-8 s. 

Table 1.2 Approximate time scale for the production of defects under irradiation in 
metals. This table is adopted from ref [31] with permission (Copyright: Springer 
Nature (2007)). 

Time 

(seconds) 
Event Result 

10-18 Energy transfer from the incident 

particle 

Creation of a primary knock-on 

atom (PKA) 

10-13 Displacement of lattice atoms by 

PKA 
Displacement cascade 

10-11 Energy dissipation, spontaneous 

recombination and clustering 

Stable Frenkel pairs and defect 

clusters 

>10-8 Defect reactions by thermal 

migration 

SIA and vacancy recombination, 

clustering, trapping, defect 

emission 

 

The core structural materials in nuclear reactors undergo degradation of their 

physical/chemical/mechanical properties due to neutron irradiation-induced microstructural 

changes. A schematic representation of different irradiation events that leads to the 

degradation of materials properties is shown in figure 1.3 [32]. The incident high energy 

radiations such as neutrons, electrons, gamma, fission products and ions lose their energy via 

atomic displacement cascades and electronic excitations. The defects such as PKA, point 

defects, gaseous and solid transmutation products produced during the primary radiation 

damage stage may cluster together during the displacement cascade or diffuse and segregate 

under the influence of temperature and stress. This clustering and segregation of defects lead 

to the formation of higher-order defects such as dislocation loops and networks (2-

dimensional), voids, gas-filled bubbles and precipitates (3-dimensional). The microstructural 

changes introduced by the above defects influence the performance of the materials by 

altering thermal, physical, mechanical and chemical properties. 
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Figure 1.3 Schematic representation of various events caused by irradiation and 
their consequent effects on the performance of materials. This figure is reused with 
permission from ref [32] (Copyright: Elsevier (2017)). 

The consequences of irradiation depend on the nature of the radiation, its energy, flux, 

fluence, irradiation temperature as well as on the microstructure of the material. Apart from 

the clustering of point defects that form higher-order defects, irradiation-induced segregation 

of alloying elements and impurities are also a major concern [33-37]. In addition to that, the 

interaction of point defects and their higher-order clusters with the alloying elements and 

impurities may change their energetics and kinetics. For example, the formation of carbon-

vacancy complexes can influence the segregation of carbon, and the migration and clustering 

of vacancies [38]. Presence of vacancies even promotes the segregation of impurities or 

minor alloying elements such as Cr, Al, Si, P, S, Ga, Ge, Ni, Mn etc. in Fe based systems [36, 

39]. Irradiation-induced segregation of alloying elements occurs at the sinks such as grain 

boundaries, dislocations, precipitate/matrix interfaces [34]. Irradiation-induced segregation or 

depletion of Cr from grain boundaries significantly changes the grain boundary chemistry, 

and that may expose the structural materials made up of steel to irradiation-assisted stress 
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corrosion cracking and enhanced inter-granular corrosion [33]. The enrichment of Cr, C, V, 

W, and Ti at the dislocation loops were observed in RAFM steel under irradiation in a mixed 

spectrum of spallation neutrons and high energy protons [35]. Formation and growth of voids 

and bubbles lead to volumetric swelling and hence the dimensional changes of in-core 

structural material and its premature failure [40-42]. The presence of transmutation gases 

such as helium can enhance the growth of voids by stabilizing the vacancies against vacancy-

interstitial recombination. In thermal nuclear reactors, the main burn-up limiting factor is the 

fission-product poisoning whereas, in fast reactors, the loss of material ductility and its 

premature failure due to void swelling is the major burn-up limiting factor [9]. In fusion 

reactors, due to high neutron flux, the material failure due to irradiation damage is even faster 

as compared to fission reactor systems. Hence, as the world moves from fission to fusion 

reactor or Accelerator Driven Systems (ADS), suitable in-core as well as out-core materials 

have to be developed. It is essential to have thorough knowledge on the irradiation damage 

processes, the tolerance of materials to irradiation, the interaction of transmutation or 

fission/fusion reaction products with the materials and their effect on the material degradation 

in order to design and develop safer, reliable and efficient nuclear facilities. 

1.7. Radiation damage models 
The simplest estimation of the number of displacements produced by PKA is given by 

the Kinchin and Pease (K-P) model for atomic displacements. According to the K-P model, 

the number of atomic displacements  from a PKA atom of energy T is given by [31], 

 

 

(1.2) 
Where ED is the displacement energy and EC is the cut off energy for electronic energy loss. 

The K-P model assumes that the displacement damage occurs due to a sequence of binary 

collisions between atoms. When the kinetic energy (T) of PKA atom is less than the 

displacement energy (ED), no atomic displacements will occur.  The atoms get displaced from 

their lattice positions once T>ED.  
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Figure 1.4 Variation of the number of displaced atoms as a function of PKA energy 
as predicted by the K-P model [31].ED is the displacement energy and EC is the cut- 
off energy for electronic energy loss. 

Figure 1.4 shows the number of atomic displacements in the cascade as a function of PKA 

energy according to K-P model. Energy loss by electronic interaction is given by the cut-off 

energy EC. The atomic displacements increase linearly with the PKA energy in the range 

T/2ED<T<EC.  The atomic displacements become independent of the PKA energy at T ≥ EC. 

If the PKA energy is greater than EC, no additional atomic displacements occur until the 

electron energy losses reduce the PKA energy to EC. However, the crystal lattice effects were 

not considered in the K-P model. 

The K-P formula for atomic displacements was further modified by Norgett, 

Robinson and Torrens using the results obtained from the Binary Collision Approximation 

(BCA) simulations [43]. This modified formula is known as NRT formula or modified 

Kinchin-Pease formula and is given by [43], 

 

 

(1.3) 
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The factor 0.8 came from BCA simulation and is known as the displacement efficiency. The 

displacement efficiency is independent of the energy, target material and temperature. Td is 

the damage energy, which is defined as the energy available to generate atomic displacements 

by elastic collisions.  

1.8. Helium diffusion mechanisms in metals 
Helium bubble nucleation and growth in materials is associated with the 

migration/diffusion of helium atoms followed by their segregation/accumulation at open-

volume defects. An isolated He atom occupying a tetrahedral or octahedral interstitial 

position migrates faster due to its low migration energy of the order of 0.06-0.08 eV [44]. 

Helium atoms exhibit a strong attractive interaction with vacancies with a binding energy of 

~ 1.5 eV and a weaker interaction with self-interstitial atoms (SIA) with a binding energy of 

~0.3 eV [44, 45]. Due to its strong binding to He atoms, the presence of open-volume defects 

such as vacancies, dislocations and grain boundaries reduces the mobility of He atoms 

drastically. The dominant processes of helium trapping and migration depend on the 

temperature and the presence of intrinsic as well as irradiation-induced defects [46]. Since the 

presence of open-volume defects strongly influences the diffusion of helium in materials, the 

helium diffusion mechanisms can be basically divided under two categories, 1) helium 

diffusion at low radiation damage and 2) helium diffusion under normal irradiation 

conditions. The basic mechanisms involved in the migration of helium are illustrated in figure 

1.5. 

1.8.1. Helium diffusion at low radiation damage conditions 
Helium diffusion at low radiation damage is basically divided into three categories 

[46], 1) interstitial migration, 2) vacancy migration and 3) impeded interstitial migration. In 

interstitial migration, He atoms occupying the interstitial positions migrate interstitially until 

they get trapped by any other defects. Since interstitial migration energy of helium is very 

low in metals, the interstitial migration is very fast even below the room temperature. This 

type of helium migration is dominant in situations where both the displacement damage and 

the concentration of thermal vacancies are less.  At T > 0.5Tm, the concentration of thermal 

vacancies is very high and He atoms migrating through interstitial positions will be trapped 

by thermal vacancies. In this case, where T > 0.5Tm, the other two mechanisms - vacancy 

mechanism and impeded interstitial migration mechanism contribute to He migration.  In the 

vacancy mechanism, a transient di-vacancy-He complex (HeV2 complex) is formed and the 

He jumps from one vacancy to other. The migration energy of He atom associated with a 
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HeV2 complex by vacancy mechanism is ~ 1.1 eV, whereas the dissociation energy of HeV2 

complex is ~1.45 eV in bcc-Fe [47]. Hence, HeV2 complex is expected to migrate by vacancy 

mechanism. The impeded interstitial migration or He-vacancy dissociation mechanism is 

characterized by the dissociation of He from an already existing He-vacancy complex, 

migration through the interstitial positions and re-trapping by another vacancy.  

 
Figure 1.5 Schematic representation of helium diffusion mechanisms in materials. (1) 
Interstitial migration of helium, (2) migration of vacancy, (3) thermally activated 
dissociation of a substitutional helium atom from a vacancy to the interstitial 
position, (4) jumping of helium from one vacancy to another, (5) replacement of 
substitutional helium atom from a lattice site to interstitial by a SIA atom and (6) 
collisional displacement of helium atom. This figure is reused with permission from 
ref [46] (Copyright: Elsevier (2003)). 

1.8.2. Helium diffusion under normal irradiation conditions 
During irradiation, helium may be dissociated from a He-vacancy cluster by athermal 

mechanisms. The presence of irradiation-induced defects such as vacancies, self-interstitial 

atoms (SIA) and their clusters influence the diffusion of He under irradiation. Three He 

migration mechanisms that occur during irradiation are 1) displacement or cascade mixing 

mechanism, 2) replacement mechanism and 3) radiation enhanced vacancy mechanism. In 

displacement or cascade mixing mechanism, He migration/diffusion is due to direct 

displacements. This mechanism is dominant below the annealing stage III (at T< 0.2Tm) 

where vacancies are immobile. In replacement mechanism, He atom occupying vacancy is 

replaced by a SIA, the He atom then migrates interstitially and re-trapped by another 

vacancy. This mechanism is expected to be dominant between 0.2Tm and 0.5Tm. At 

temperatures above 0.5Tm, radiation enhanced vacancy mechanism dominates the 
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replacement mechanism. All three migration mechanisms are cooperative; the fastest 

mechanism is the dominant one. 

During irradiation, He atoms can preferentially occupy irradiation-induced vacancy 

sites and form a He-vacancy (He-V) complex. In the initial stages of irradiation (incubation 

stage), in which the number of atomic defects dominates the defect clusters, the kinetic 

equilibrium yields [48], 

 

(1.4) 
Where , , i and  are the atomic concentrations of interstitial He, substitutional He, 

self-interstitials and vacancies,  and i are the diffusion coefficients of He interstitials and 

self-interstitials respectively, and Lc Z
F  is the binding free enthalpy of a He atom and 

vacancy. In the above equation  has been assumed. 

At temperatures above annealing stage III (T~ 500 K), where the vacancies are mobile, it can 

be assumed that [48], 

g g N Z : Z F Z
co) 

(1.5) 
Where Z is the vacancy diffusion coefficient and Z

co L ?KR
B iX is the thermal equilibrium 

vacancy concentration, and Z
J is the vacancy formation free enthalpy. 

The vacancy concentration Z is related to the production rate ( J) of Frenkel pairs by 

relation [48], 

J L vN J Z k Z F Z
co o: Z E Lc Z; 3 

(1.6) 
Where J is the recombination radius and  is the atomic volume. 

From the above equations, it follows that if Lc Z
F P Z

J, and Lc P Z, the substitutional He 

dominates the interstitial He in the temperature range for which these equations are valid. 

The vacancy mechanism and dissociative mechanism are the preferential He diffusion 

mechanisms in the presence of vacancies. Under high-temperature irradiation conditions, 

where the dissociative mechanism is dominant, the effective He diffusion coefficient : Lc
cd d; is 

given by [48], 
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(1.7) 
The effective He diffusion coefficient has been determined by considering three different 

temperature regions above stage III [48]: 

1. At high temperatures where thermal vacancies dominate irradiation-induced 

vacancies (T>1030 K), from equations 1.4 and 1.7 gives, 

 
(1.8) 

2. At medium temperatures, where irradiation-induced vacancies dominate thermal 

vacancies but the dissociation of He  from vacancies is still governed by thermal    

 activation (850 K<T<1030 K), 

 

(1.9) 
Where  has been assumed. 

3. At low temperatures, where irradiation-induced vacancies are dominant, and the He 

dissociation from vacancies is governed by recombination (500 K<T<850 K), 

 
(1.10) 

1.9. Helium bubble nucleation and growth mechanisms upon irradiation 
Helium bubbles formation in metals has been studied by two methods i) introducing 

helium into the material via irradiation or nuclear transmutation at elevated temperatures or 

ii) introducing helium at a lower temperature followed by post-irradiation annealing at 

elevated temperatures [46]. In the first case, apart from the helium production rate, the 

displacement damage rate and temperatures play a crucial role in bubble nucleation. In the 

second case, the bubble nucleation and growth depends on the accumulated helium content, 

the annealing temperature and the duration of annealing. The nucleation of the bubbles may 

happen during the implantation itself, whereas their growth can happen either during the 

helium implantation itself or during post-irradiation annealing treatment. A schematic 

representation of the time-dependent variation of various parameters characterizing helium 

bubble nucleation and growth during helium implantation and post-irradiation annealing is 

given in figure 1.6 [46]. 
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1.9.1. Helium bubble nucleation during implantation 
He bubble nucleation mechanism during implantation depends on the irradiation 

conditions such as displacement damage rate, total irradiation dose, He production rate, 

accumulated He concentration, irradiation temperature etc. He bubble nucleation can be 

either homogeneous or heterogeneous depending on the sink strength. Major He bubble 

nucleation mechanisms at various irradiation conditions are described below. 

1.9.1.1. Irradiation at low displacement damage and low total implanted He 
concentration 

During irradiation with helium ions or their introduction via nuclear transmutation 

reactions associated with displacement damage, bubble nucleation occurs within the material 

by simultaneous diffusion and clustering of vacancies and helium atoms. The dominating 

process of helium bubble nucleation during irradiation even depends on the ratio of helium 

production to displacement damage rates and irradiation temperatures. The variation of time-

dependent concentration of helium atoms in the matrix ( ), nucleation rate ( ), density 

( ), and average size ( ) of the nucleated bubbles during irradiation at high helium 

production to displacement rates are shown in figure 1.6. During irradiation or continuous 

generation of He, the bubble evolution can be divided into three stages [46, 48]: 

1) Incubation stage: In the incubation stage, after a short transient, a quasi-static kinetic 

equilibrium is reached according to equations 1.4 to 1.6. During the incubation stage, 

i and  become constant, while  and  (or ) increase continuously but 

remains small enough such that the He clustering is nominal. 

2) Nucleation stage: During the nucleation stage, with increasing  and , 

helium clustering process increases, thereby, a rapid increase in  occurs. Newly 

nucleated embryos act as deep sinks for He. Hence,  and  reaches a 

maximum at , and decreases with further increase in time. At , the production 

and absorption rates of He atoms balance each other and hence, newly produced He 

atoms and already existing clusters are close to the kinetic equilibrium [46], 

 
(1.11) 

Where is the He production rate. 

3) Growth stage: The nucleation rate and the He concentration decreases after the 

nucleation stage. The growth stage is characterized by a strong reduction in nucleation 
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rate as compared to . The growing bubbles absorb newly produced He atoms and 

hence, the size of the bubbles increases but their density  saturates. 

 
Figure 1.6 Schematic representation of the time-dependence of different quantities 
characterizing bubble nucleation during helium production/implantation and bubble 
coarsening during annealing. Here,  is the time-dependent concentration of helium 
atoms in the material,  is the nucleation rate,  is the density and  is the 
average size of the nucleated bubbles. Logarithmic representation is used to 
approximate the power-law behaviour of some individual curves to straight lines 
[46]. This figure is reused with permission from ref [46] (Copyright: Elsevier 
(2003)). 

Trinkaus [48] estimated the density of bubbles by considering two extreme cases for 

temperature T and He production rate , 

1)  Low T, high : Homogeneous nucleation with spontaneous He precipitation 

without a thermodynamic barrier can occur during this regime. Since temperature is 

low, even small He-vacancy clusters are stable and grow. By considering the 

nucleation via diatomic nuclei consisting of two He atoms, an approximate value of 

 is given by, 

 

(1.12) 
2) High T, low : Heterogeneous nucleation controlled by a thermodynamic barrier 

which depends strongly upon He concentration and nucleation site. A critical He 
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concentration  and He-vacancy clusters having a critical size are required for the 

nucleation; smaller He-vacancy clusters are unstable and decay, the larger ones grow. 

In this case,  is given by, 

 

(1.13) 
Since the nucleation occurs via the dissociation of nuclei having a size below a critical size, 

the high temperature He bubble nucleation process is He re-solution or dissociation 

controlled. 

1.9.1.2. Irradiation at high displacement damage and high implanted He concentration 
When a high amount of He is introduced into materials associated with high 

displacement damage, He atoms are resolved from already nucleated small bubbles by 

displacement cascade and results in the secondary nucleation of bubbles. At higher doses, a 

linear increase in bubble density with dose at constant bubble size between the temperature 

ranges 0.2Tm<T<0.5Tm given by [46], 

 

(1.14) 
 And the bubble size  is given by [46], 

 

(1.15) 
Where  is the resolution parameter,  is the displacement rate. Below 0.2Tm, He diffuses by 

the displacement mechanism, primary and secondary nucleation becomes indistinguishable 

and the size of the bubble nuclei does not exceed the size of atomic scale. As the irradiation 

temperature increases above 0.5Tm, the displacement damage induced resolution of He atoms 

becomes inefficient since the He atoms resolved from smaller bubbles are re-absorbed by the 

bubbles of increasing size. At this high temperature, dissociation of He atoms from the 

bubble nuclei is the dominant mechanism. 

1.9.1.3. Homogeneous and heterogeneous nucleation of bubbles 
Helium bubble nucleation in materials can happen either via homogenous or 

heterogeneous nucleation [46]. The homogeneous nucleation occurs within a perfect crystal 

lattice due to the diffusion and clustering of helium atoms and vacancies. On the other hand, 

the crystalline defects or inhomogeneities in the matrix such as dislocations, grain boundaries 
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and precipitate-matrix interfaces can trap mobile helium atoms and act as potential sites for 

heterogeneous bubble nucleation. The irradiation or post-irradiation annealing temperature 

plays a major role in deciding the dominant nucleation mechanism. At low temperatures, 

thermal dissociation of helium atoms from the traps is negligible, and the dominant 

nucleation mode is determined by the relation between the partial sink strengths of the 

already grown bubble nuclei according to homogeneous nucleation and of pre-existing deep 

traps. Homogenous nucleation will be dominant if the sink strength of an already existing 

bubble nucleus is larger than the sink strength of other pre-existing traps. The sink strength of 

any trap is given by the product of the size and concentration of that particular trap-type. If 

the sink strength of pre-existing traps dominates than that of bubble nuclei, for the given pre-

existing sink parameters, homogenous nucleation will be dominant at low temperature and/or 

high He production rates, and vice versa. But at high temperatures, the relation between 

partial sink strengths of possible nucleation sites does not provide a sufficient criterion for 

homogenous vs. heterogeneous nucleation since thermal dissociation of He atoms from the 

traps also must be accounted. Here, the effects of dislocation cores, interfaces and grain 

boundaries on the thermodynamics of critical bubble nuclei are important. By assuming that 

the bubble nucleation occurs at a certain minimum critical nucleus size, a classical model 

suggested by Trinkaus et al. [46] showed that the heterogeneous bubble nucleation at the 

interfaces and grain boundaries would occur at a lower critical He concentration than 

homogenous nucleation.  

1.9.2. He bubble coarsening mechanisms up on post-irradiation annealing 
When the material already implanted with He at some elevated temperature and 

brought back to room temperature, and further annealed at a higher temperature, He bubbles 

that are already nucleated during implantation tend to coarsen. The post-irradiation annealing 

at constant He content increases the size of the bubbles but reduce their density. Two major 

mechanisms that govern the bubble coarsening during annealing are 1) bubble migration and 

coalescence (MC) and 2) Ostwald ripening (OR) [46]. The dominant mechanism among the 

above two is determined by the concentration of implanted He ( ), annealing temperature 

(T) and annealing time ( ). 

In bubble migration and coalescence, the bubble migration is due to the random 

rearrangements of bubble surface by diffusion of matrix atoms. The bubble migration is 

surface diffusion-controlled, and the total volume of the bubble population is conserved. The 

number density of bubbles changes with annealing time is given by [49], 
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(1.16) 
Where  and are the atomic volumes of metal and He,  is the surface self-diffusion 

coefficient. 

In Ostwald ripening mechanism, He atoms are thermally dissociated from smaller 

bubbles and re-absorbed by larger bubbles. Ostwald ripening of He bubbles occurs by the 

dissociation and re-absorption of He atoms as well as vacancies. Hence, the Ostwald ripening 

process may be He atom or vacancy dissociation controlled and depends on which of the 

dissociation energy is smaller. As the internal pressure of the bubble increases, the vacancy 

dissociation from the bubble becomes difficult as compared to the He dissociation [50]. For 

He-dissociation controlled Ostwald ripening where the total volume is conserved, the bubble 

concentration is given by [49], 

 

(1.17) 
Where is the surface free energy,  is the He diffusivity in the matrix,  is the He 

concentration in the solution for the He density at which the He chemical potential  

vanishes and  is the actual He concentration in the matrix. 

1.9.3. Equilibrium pressure and mechanical stability limit of bubbles 
The pressure or density of the bubble depends on the conditions at its evolution stage 

such as temperature, He production and displacement rates, accumulated He concentration 

and irradiation dose and the bubble size. The pressure inside the bubble can be estimated by 

considering two limiting cases given by [46], 

1) The mechanical stability limit at which the yielding of the matrix occurs by 

spontaneous plastic deformation. The upper bound limit of the pressure for 

mechanical stability limit is given by, 

Q rtJ 
(1.18) 

Where  is the shear modulus of the matrix. This pressure limit holds good at higher 

He/dpa ratio where He dominates the bubble evolution since the vacancies and self-

interstitial atoms annihilate at the existing bubbles. 

2) Thermodynamic equilibrium condition is given by, 
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(1.19) 

Where is the surface free energy. This condition holds good around and above the 

stage-V (T>0.4Tm) where the thermal equilibrium vacancy concentration is sufficient to 

establish thermal equilibrium of bubbles. 

1.10. Hydrogen trapping in materials 
The interaction of hydrogen with lattice imperfections is a serious concern since it 

leads to the failure of materials via hydrogen-embrittlement and corrosion. Lattice 

imperfections such as vacancies and their clusters, voids, dislocations, solute atoms, grain 

boundaries, precipitates, inclusions and particle-matrix interfaces act as traps for hydrogen 

atoms and hence, lead to the accumulation of hydrogen in materials [51, 52]. In metals, 

vacancies are the strongest traps for hydrogen with a binding energy of around 0.5 eV [51, 

53]. In a defect-free α-Fe lattice, hydrogen prefers to occupy a tetrahedral site over an 

octahedral site [51, 53]. Theoretical calculations  show higher formation energy of ~2.61 eV 

for substitutional hydrogen atoms in the α-Fe lattice as compared to both the tetrahedral 

(~0.21 eV) and octahedral (~0.34 eV) positions [51]. Hence, the substitutional site is an 

unstable position for hydrogen atoms. Hayward et al. [53] reported that when trapped in 

vacancies, hydrogen prefers octahedral sites over the tetrahedral or the substitutional site. It 

has been reported by several groups that the trapping of hydrogen in vacancies occurs such a 

way that hydrogen will occupy a position that is slightly off centred (0.2-0.5Å) from the 

octahedral site towards the vacancy [51, 54-56]. It has also been reported that up to six 

hydrogen atoms can be trapped at a monovacancy, and the binding energy of hydrogen-

vacancy complexes decreases with increase in number of hydrogen atoms [53]. The solute 

elements such as Y, Sc, Mg and Cd trap hydrogen atoms with binding energy larger than 0.10 

eV [51]. Among the common alloying elements in steel, elements such as C, Ti and Nb trap 

hydrogen with a binding energy of around 0.1 eV, whereas the elements such as Cr, Mo, Mn, 

Si do not bind hydrogen [51]. The interaction of hydrogen and its isotopes with helium 

associated defects is also relevant from the fusion reactor point of view. In α-Fe, three 

different types of traps are observed for deuterium with binding enthalpies 0.46 eV, 0.81 eV 

and 0.75 eV corresponding to the monovacancies, small vacancy clusters and small helium 

bubbles [55, 57]. Similar trapping sites were also observed in Ni implanted with deuterium 

and helium [58, 59]. The exact mechanism of migration of hydrogen-vacancy complexes and 

their agglomeration to hydrogen bubbles is still lacking clarity. It has been reported that the 
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dissociation barrier of a hydrogen-vacancy pair that contain only one hydrogen atom and 

vacancy is around 0.64 eV whereas, its migration barrier is around 0.76 eV [53]. Hence, it 

cannot migrate as a pair; instead, it dissociates and migrates separately. A low migration 

barrier of ~0.25 eV is reported for higher-order complexes of the type HmV3 [53]. This shows 

that HmV3 complexes can migrate as a single unit without dissociation. 

1.11. Experimental investigation of irradiation-induced microstructural 
changes 

Study of defects induced by hydrogen and helium irradiation and their influence on 

microstructure of materials have been carried out using experimental techniques such as 

Transmission Electron Microscopy (TEM) [59-62], Thermal Desorption Spectroscopy (TDS) 

[63-65], ion-beam analysis [52, 66, 67], Scanning Electron Microscopy (SEM) [68, 69], 

Grazing-Incidence Small-Angle X-ray scattering (GISAXS) [70], Scanning Transmission 

Electron Microscope-based Electron Energy Loss Spectroscopy (STEM-EELS) [71, 72], and 

Positron Annihilation Spectroscopy (PAS) [73-76]. Valuable information on the nature, size, 

location and distribution of irradiation-induced defects such as voids, bubbles and 

dislocations has been provided by TEM [60, 77, 78]. Migration of helium bubbles along the 

grain boundary dislocations has been observed in helium implanted Fe9Cr alloys using an in 

situ TEM [79]. An enhanced swelling due to synergistic effect of displacement damage, 

hydrogen and helium ions have been reported in RAFM steels using TEM [80]. Radiation-

induced amorphization of M23C6 precipitates and Laves phase and re-solution of TaC 

precipitates are also reported in RAFM steels using TEM [81]. Knowledge of various 

hydrogen and helium traps present in materials along with their binding energies has been 

obtained by using TDS studies [63, 64]. Techniques such as Secondary Ion Mass 

Spectrometry (SIMS) and Nuclear Reaction Analysis (NRA) have been used to study the 

depth distribution of implanted hydrogen or helium in materials, and variation of the 

implanted profile due to thermal migration or desorption [67, 82]. Strong trapping of 

hydrogen isotopes in helium associated defects has been reported in an in situ NRA study 

[66]. Non-destructive determination of size and depth distribution of helium nano-bubbles 

with high statistical precision has been performed using GISAXS [70]. In STEM-EELS, the 

measurement of energy shift of 1s-2p transition of helium enables to quantify the atomic 

density and pressure of helium associated with the bubbles [71]. Irradiation-induced changes 

in surface morphologies such as blistering and exfoliation have been studied using SEM [68, 

69]. Other surface-sensitive techniques such as GIXRD and Nanoindentation have also been 

used to study the irradiation-induced microstructural changes in the near-surface region of 



Chapter 1   

22 
 

materials [83, 84]. Radiation-induced segregation of alloying elements at surfaces and grain 

boundaries, and their consequent depletion from the matrix is studied using techniques such 

as Atom Probe Tomography (APT), Auger Electron Spectroscopy (AES), Scanning 

Transmission Electron Microscopy equipped with Energy Dispersive x-ray Spectrometry 

(STEM-EDS) [33, 85, 86] etc. 

1.12. Positron Annihilation Spectroscopy (PAS)  
Positron Annihilation Spectroscopy (PAS) is a versatile and highly sensitive non-

destructive technique for defect studies in materials. The uniqueness of electron-positron 

annihilation makes PAS a highly sensitive technique to probe open-volume defects with 

resolvable size from mono-vacancies to nano-voids, with concentration down to a few ppm. 

Positrons are sensitive to open volume defects such as vacancies, vacancy clusters, voids, 

dislocations, grain boundaries, precipitate-matrix interfaces etc. In conventional PAS 

techniques, positrons are generated from the spontaneous -decay of some radioactive 

isotopes (22Na, 64Cu, 58Co, etc.). Among the radioactive positron sources, 22Na is widely used 

because of its longer half lifetime (T1/2~2.6 years), high positron yield (90.4%) and the 

availability of prompt -ray for lifetime measurements. Radioactive decay reaction of 22Na 

isotope is given by, 

\ 54
66

55
66 E >> E Sc E @:sty ; 

(1.20) 
Positrons are emitted from the 22 Na source due to spontaneous >E-decay. The prompt -ray 

having energy of 1.27 MeV is emitted simultaneously along with the positron. Scis the 

electron-neutrino emitted during the radioactive decay. 
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Figure 1.7 Schematic representation of thermalization and diffusion of positrons in 
solids followed by trapping at a vacancy site. 

Fig 1.7 shows typical interactions of positrons in a solid [87]. High energy positrons 

implanted into the material thermalize within 10-12 s, and then start diffusing in the lattice. 

Since positrons experience repulsion from positively charged nuclei of the atoms, they get 

trapped at a vacancy during diffusion. The diffusion length of thermalized positrons is ~100 

nm in metals and alloys. Positron trapped at the vacancy will annihilate with an electron from 

the nearby atom, and this results in the emission of two 511 keV annihilation gamma 

photons. There are three major PAS techniques, Positron Annihilation Lifetime Spectroscopy 

(PALS), Doppler Broadening (DB) and Angular Correlation of Annihilation Radiation 

(ACAR) spectroscopy [87]. Basic principles of the techniques are illustrated in figure 1.8.  

Positron Annihilation Lifetime Spectroscopy (PALS) 

The time difference measured between the prompt 1.27 MeV -photon and one of the 

511 keV annihilation photons gives positron lifetime ( ). Positron lifetime depends upon the 

local electron density at the annihilation site. The positron annihilation rate ( ), the reciprocal 

of positron annihilation lifetime is given by [87], 

 

(1.21) 
Where  and  are the positron and electron densities,  is the classical electron 

radius,  is the speed of light and  is the position vector, is the correlation function that 

describes the increase in electron density due to the Coulomb attraction between a positron 

and an electron. As the local electron density at the site of annihilation decreases, the positron 
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lifetime increases and vice versa. The reduced electron density at the open-volume defects 

such as vacancies and their agglomerates increases the positron lifetime as compared to the 

defect-free state. PALS is a quantitative analysis technique, where the positron lifetime 

depends on the size of the open-volume defect, and its intensity is proportional to their 

relative concentration. 

 
Figure 1.8 Schematic of major positron annihilation spectroscopic techniques. 

When positrons are implanted into a sample containing k different defect types, the 

time-dependent decay spectrum  of positrons in the sample is given by, 

 

(1.22) 
Where  different types of defects contribute +1 components in the PALS spectra with 

individual lifetimes i and intensities i. For a defect-free material, where there are no positron 

traps present, the above equation will reduce to, 

 
(1.23) 

Where b is the positron lifetime in the defect-free bulk of the sample. The positron lifetime 

spectrum  is the absolute value of time derivative of the positron decay spectrum  

given by, 
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(1.24) 
Doppler Broadening Spectroscopy (DBS) 

In laboratory frame of reference, the momentum component of electron-positron pair 

in the direction of propagation of annihilation -rays introduces Doppler broadening to the 

photon energy. Since the positron reaches thermal energies before annihilation, the major 

contribution to Doppler broadening comes only from the electrons. Due to this broadening, 

the energy of annihilation photons will be 511± E eV. This broadening is measured using 

energy dispersive detectors such as High Purity Germanium (HPGe) detectors. The shift ( E) 

in the energy is given by [87], 

¿ L
x

t
 

(1.25) 
Where x is the component of electron momentum along the direction of propagation of 

annihilation -ray and c is the velocity of light. From the Doppler-broadened annihilation 

spectra, two line-shape parameters, namely shape (S-parameter) and the wing (W-parameter) 

parameters, are deduced. 

The regions under the spectrum using which the line-shape parameters have been 

defined are shown in figure 1.8. The S-parameter is defined as the ratio of counts under the 

central low-momentum part of the spectrum ( ) to the total counts under the whole spectrum 

( ) after background subtraction. 

L
n

r mr _ j
 

(1.26) 
Similarly, the W-parameter has been defined as the ratio of counts under the wing regions 

(  and ) to the total counts under the whole spectrum ( ) after background 

subtraction. 

L
R S->R S.

Rj ej W b
  

(1.27) 
Positrons may annihilate with either valence or core electrons. Since the momentum of 

valence electrons is less than the core electrons, the broadening of 511 keV -lines will be 

less if the positrons annihilate with valence electrons and vice versa.  Hence, the contribution 

to the S-parameter comes from the valence electrons, and hence, it is also called valence-
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annihilation parameter. On the other hand, since the contribution to W-parameter comes from 

the high momentum core electrons, it is called core-annihilation parameter.  The presence of 

open-volume type defects increases the fraction of positrons annihilating with valence 

electrons. Consequently, the S-parameter increases with an increase in number or size of the 

open volume defects as compared to a defect-free sample. Since the core electrons are the 

identity of the elements, any change in the chemical environment of the annihilation site will 

reflect in the W-parameter. 

Angular Correlation of Annihilation Radiation (ACAR) 
Due to the electronic momentum component  perpendicular to their direction of 

propagation, the annihilation -rays deviate from their collinearity. This angular shift x,y, is 

related to the perpendicular momentum component  by the relation [87], 

 

(1.28) 
Where r is the rest mass of the electron. In ACAR measurements, x,y is measured 

simultaneously in both x and y directions by coincidence measurements using position-

sensitive -detectors. ACAR is mainly used to carry out electronic structure investigations. 

Like DBS, when positrons annihilate with the valence electrons, the angular deviations will 

be smaller and vice versa for core electron annihilation. The availability of Anger cameras 

has enabled the ease of measurement of two-dimensional angular correlation spectra. 

1.13. Study of irradiation effects in materials using PAS  
Positron annihilation spectroscopy has been widely used to carry out irradiation 

damage studies in metals [38, 74, 88-90], alloys [91-95], semiconductors [96-101], glasses 

[102-106] and polymers [107-113]. While the conventional positron annihilation techniques 

provide information from the first few hundreds of microns from the surface, positron beam-

based techniques enable depth-profiling of irradiation-induced defects from the surface to a 

few hundred nanometers. PAS techniques have been widely used to study the irradiation-

induced microstructural changes in nuclear structural materials. Positron beam technique can 

be coupled to the irradiation chamber of an accelerator to carry out in situ monitoring of 

defect evolution during irradiation or to study the defect configurations immediately after 

irradiation under controlled temperature and atmosphere [114-116]. 

Formation and agglomeration of irradiation-induced vacancy-type defects, the effect 

of impurities such as carbon to stabilize those defects and various annealing stages in metals 
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have been systematically studied using PAS [38]. Nature of the defects and the possible 

defect annealing mechanisms during different stages of annealing in neutron-irradiated metals 

has been studied using PAS [117, 118]. A brief review of PAS studies on the accumulation of 

point defects and their complexes in irradiated metals has been given by Eldrup [119]. 

Complimentary nature of PAS and resistivity measurements have been efficiently utilized to 

study various defect-annealing  mechanisms in metals by irradiating at low temperatures 

where vacancies are immobile, followed by high-temperature annealing [120]. Trapping of 

hydrogen by vacancies in Cu with a binding energy of ~0.4 eV and its de-trapping above 450 

K has been reported using PAS [121]. It has been reported that the inherent inhomogeneities 

play a major role as compared to the irradiation-induced defects in the positron-annihilation 

characteristics of amorphous metals [122]. Trapping of positrons in He bubbles in metals 

such as Al [123] , Ni [74], Cu [73], Pa [75], Fe [124], Mo [125], Nb [126], Cr [127] have 

been also studied extensively. 

Irradiation-induced microstructural changes introduced in reactor core-structural 

materials due to neutron irradiation at elevated core temperatures, gases and impurities 

produced by nuclear transmutation reactions etc. have been studied extensively using PAS 

techniques. PAS has contributed significantly to the microstructural evaluation of Reactor 

Pressure Vessel (RPV) steels [128-133]. In RPV steels, defects introduced by neutron 

irradiation leads to embrittlement and premature failure of the vessel. The role of irradiation-

induced precipitates, solute nano-clusters, vacancy clusters, voids and dislocation loops in 

hardening the RPV steels have been studied using PAS [130-132]. PAS is sensitive to 

irradiation-induced precipitates such as carbides, nitrides and Cu precipitates in RPV steels 

[133]. A PAS study showed the formation of irradiation-induced carbide precipitates in Cr-

Mo-V-type RPV steels of VVER-type reactors, which may strengthen the matrix and leads to 

embrittlement [130]. Trapping of positrons in Cu-rich precipitates and Cu-vacancy 

complexes that causes irradiation-induced hardening in RPV steels containing Cu have been 

reported [129, 132]. Apart from Cu precipitation, PAS studies showed that in Cu free or low-

Cu RPV steels, precipitation of alloying elements such as Mn and Ni at high irradiation doses 

lead to hardening [129]. 

Since FeCr alloy is a model alloy system for the steels, extensive irradiation damage 

studies have been carried out using PAS to understand the irradiation damage mechanism in 

binary FeCr system. Trapping of positrons in vacancies, vacancy clusters, dislocations, 

vacancies trapped by dislocations, vacancy-impurity complexes and precipitates have been 

observed in irradiated FeCr systems [134]. The influence of Cr in reducing the number of 
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surviving vacancies induced by neutron irradiation in FeCr alloys has been reported using 

PAS [135]. In addition to Cr, metal-carbides also play a crucial role in reducing the vacancy 

concentration and hence, to lower void swelling in FeCr alloys as revealed by another PAS 

study [136].  

The advent of positron beam techniques enabled non-destructive depth profiling of 

open-volume defects in materials. Since ion-irradiation induces inhomogeneous distribution 

of defects, depth profiling provides information about various damaged layers present in 

near-surface regions of the material. Irradiation-induced microstructural changes in steels and 

their model alloys have been studied at fission, fusion or spallation relevant irradiation 

conditions using positron beam techniques [40, 91, 137, 138]. Variable Low-Energy Positron 

Beam (VLEPB) based Doppler broadening spectroscopy has been used as an efficient 

technique to address the void swelling in reactor steels [40, 41]. The depth distribution of 

helium-vacancy complexes and the evolution of helium bubbles with temperature and 

irradiation dose also have been investigated using positron beam technique [139-141]. The 

depth profiling measurements using positron beam identifies different regions in the 

irradiated materials such as 1) surface region, 2) track region where ions slow down mainly 

by electronic energy loss, 3) Bragg peak region where the incident ions interact with the 

lattice atoms via nuclear collisions and finally stop within the lattice, and 4) the non-

implanted region in according to the distribution of defects [139]. 

1.14. Motivation for present work  
Low-activation materials with desirable high-temperature mechanical properties and 

good resistance against irradiation damage are one of the prime requirements of fusion 

reactor first-wall materials. As compared to other low-activation materials, the matured 

fabrication technologies and availability of literature data make RAFM steels a most 

promising candidate for DEMO fusion power plants. Unavailability of high flux neutron 

irradiation facilities makes ion beam irradiation as an efficient tool to simulate the neutron-

induced damage of fusion first-wall materials with well-controlled irradiation conditions. Due 

to their strong trapping at vacancy-type defects, positrons have been widely used to probe 

irradiation-induced microstructural changes in these materials. 

Neutron irradiation introduces large amount of hydrogen and helium associated with 

high displacement damage into the first-wall material of fusion reactors. Hydrogen and 

helium are having detrimental effects on the first-wall structural materials. Low migration 

energy of hydrogen and helium enable their rapid migration and trapping at vacancies or 
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vacancy clusters thereby stabilizing them against vacancy-interstitial recombination. 

Trapping of helium at vacancy-type defects lead to the formation of helium bubbles, which 

further leads to void swelling, loss of ductility and premature failure of the first-wall material. 

Even though the role of hydrogen in cavity/void formation is low, the synergistic effect of 

hydrogen and helium is significant in first-wall materials. Interaction of hydrogen with 

helium-vacancy complexes and its influence in promoting helium bubble growth is still not 

well understood. Aim of this thesis work is to study the irradiation effects in INRAFM steel 

by simulating irradiation conditions that resemble fusion first-wall using ion beams. Study of 

defects and defect-complexes induced by helium and hydrogen ion irradiation and their 

thermal evolution is one of the major focuses of the thesis. Investigation of thermal stability 

of vacancy-type defects in INRAFM steel and the influence of helium at fusion relevant 

He/dpa ratio in stabilizing the vacancy-type defects is another important intention of this 

thesis.  
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Chapter 2 

Experimental Methods 

2.1. Introduction 
This chapter discusses the irradiation procedures and characterization techniques that 

are used to study the irradiation-induced changes in INRAFM steel. Helium and hydrogen 

irradiations were carried out using 150 keV gaseous ion implanter, whereas the Fe ion 

irradiation was performed using a 1.7 MV tandetron accelerator at Materials Science Group, 

IGCAR, Kalpakkam. Depth profiling of irradiation-induced defects was carried out using 

positron annihilation Doppler broadening measurements based on a variable low-energy 

positron beam. Helium depth profiling was carried out using Secondary Ion Mass 

Spectrometry (SIMS), and the helium bubble size was measured using Transmission Electron 

Microscopy (TEM). Irradiation-induced changes in the nano-hardness and micro-strain were 

studied using Nanoindentation and Grazing Incidence X-ray Diffraction (GIXRD). The 

details of accelerators, characterization and data analysis methods used in the thesis work are 

present in this chapter. 

2.2. Sample preparation 
INRAFM samples of dimensions 12 mm×12 mm×0.7 mm were cut from a rectangular 

bar using Electric Discharge Machine (EDM). These samples were mechanically polished 

using SiC papers having grit size up to P4000. The samples were normalized at 1253 K for 30 

mins and tempered at 1033 K for 1 h in a dynamic vacuum of 1×10-6 mbar. The range and 

depth-wise distribution of ions and vacancies were calculated using SRIM-2013 code [142]. 

From the ion and vacancy distribution profiles, concentration of helium and hydrogen ions in 

atoms parts per million (appm) and displacement damage in dpa has been calculated using the 

following relations, 

 

(2.1) 

 

(2.2) 
Where φ is the ion fluence in ions/cm2 and  is the atomic density in atoms/cm3. Full width 

at half maximum (FWHM) of ion distribution peak and the number of vacancies per ion are 

obtained from SRIM calculation [142]. For the calculation of dpa, the peak value of vacancy 
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distribution obtained from SRIM calculation is used, and hence the dpa given in this study 

corresponds to peak displacement damage. A vacuum annealing station consisting of a 

diffusion pump based set up, and a cylindrical furnace is used for all thermal treatments. The 

samples were inserted into a quartz tube, one end of which is connected to the diffusion pump 

and the other end is inserted into the furnace. All the annealing treatments were done in a 

dynamic vacuum of 1×10-6 mbar.  

 

 

 

 

 

 

 

 

 

 

2.3. Helium and hydrogen ion irradiations 
Helium and hydrogen ion irradiations were performed using a 150 keV ion accelerator 

using a gaseous RF plasma source which generates gaseous ions. A schematic of the ion 

accelerator is shown in figure 2.1. The helium or hydrogen gases were filled in the gas-bottle 

at a pressure of approximately 2 mbar. The gas is then fed to a quartz tube through a fine 

needle valve where a radio frequency (RF) potential of 100 MHz frequency at a power of 100 

W is applied to generate plasma. The gas pressure inside the tube was maintained at 10-3 to 

10-2 mbar. The ions produced inside the plasma are extracted by applying an extraction 

voltage of 5 kV. The positive ion beam is then accelerated from a positive high voltage 

terminal to the target kept at ground potential. The high voltage is generated using a solid-

state power supply. The high voltage is tunable from 30 to 150 keV. The final energy  of the 

ions depends on the extraction voltage i of the ion source, the charge e of the ions, and the 

acceleration voltage  applied at the high voltage terminal and is given by the relation, 

Figure 2.1 Schematic of the 150 keV ion accelerator used for He and H 
irradiations showing all major components. 
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g E X 
(2.3) 

The accelerated ions are mass analyzed by using a 45o electromagnet. The beam passes 

through an electrostatic quadrupole lens and a beam scanner to the target chamber for 

experiment. The machine is mainly used for implantation of ions of gaseous elements like H+, 

He+, N+, Ar+, etc. The entire beamline is maintained at a vacuum better than 10-6 mbar. The 

beam current and irradiation dose are calculated using a current integrator. If is the total 

charge collected by the current integrator,  is the area of irradiation or the cross-sectional 

area of the ion beam and  is the charge state of ions, then the total number of implanted ions 

can be calculated using the relation, 

L  

(2.4) 
Irradiations were performed with a circular beam having a diameter of around 12 mm.  

2.4. Fe ion irradiation 
Fe ion irradiations were performed using 1.7 MV tandetron accelerator (HVEE, 

Netherlands) at Materials Science Group, IGCAR. A schematic of the accelerator is shown in 

figure 2.2. The accelerator consists of a beam injection system, accelerator tank, electrostatic 

quadrupole lens, switching magnet followed by different irradiation and experimental 

beamlines. The beam injection system consists of an ion source followed by an injector 

magnet. The ion source consists of a high brightness duoplasmatron source for the production 

of H+ and He+ ions or a SNICS (Source of Negative Ions by Caesium Sputtering) source for 

the production of negative ions. The positive ions produced by the duoplasmatron ion source 

are converted into negative charges by charge exchange reaction with the lithium vapour. The 

negative ions from the ion source are mass analyzed and injected into the accelerating column 

using a 900 injector magnet having a resolution of (M/ M) ~ 190. 

The accelerator tank consists of a low-energy (L.E) end, stripper canal and a high-

energy (H. E) end. The negative ions injected into the low-energy end with an initial energy 

i. These negative ions get accelerated towards the high voltage terminal located at the center 

of accelerator tank by applying a terminal voltage of . At the high voltage terminal, the 

negative ions are converted into positive ions by passing through a stripping canal where the 

N2 gas is fed. At the stripping canal, the negative ions get stripped and positive ions having 

various charge states are formed. 
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Figure 2.2 Schematic of 1.7 MV tandetron accelerator (M/S HVEE, Netherlands) at 
IGCAR, Kalpakkam. 

These positive ions get further accelerated in the high energy end. Hence, by utilizing 

the principle of charge-stripping, a single high voltage terminal is used for accelerating the 

ions two times. The high voltage required for acceleration is achieved by using a Cockcroft-

Walton type capacitive-coupled parallel fed solid-state power supply. The final accelerating 

voltage varies from 100 kV - 1.7 MV with a voltage stability of ±100 V. The total energy ( ) 

gained by the ions of any charge state ( ) can be obtained by, 

L g E : E s; X 
(2.5) 

The maximum energy achievable is decided by the charge state of the ions at the terminal 

after stripping. The entire accelerating structure consists of the accelerating tubes, high 

voltage terminal, and power supply is enclosed in a pressure vessel filled with SF6 gas at 6 

kg/cm2 for achieving high voltage insulation. A turbo-molecular pump has been installed at 

the high voltage terminal in order to maintain a vacuum of 10-6 mbar in the accelerating tubes 

and to ensure the recirculation of stripper gas. The accelerated ions from the high energy end 

are focussed using electrostatic quadrupole lens. The high energy switching magnet has been 

used to select the charge state of ions and switches the beam to experimental ports located at 

±100 and ±300 angular positions. There are three beamlines currently installed in the 

accelerator. An implantation beamline with beam sweeping system, neutral trap, beam profile 

monitor and retractable slits for beam collimation has been installed at the -10o port of the 

switching magnet. A second beamline at -30o port for ion beam analysis and the third 

beamline at +10o port of the switching magnet for UHV high-temperature dual beam 
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implantation. The accelerator has been controlled using PC based automation through optical 

fibre cables.  

2.5. Variable low-energy positron beam based Doppler broadening 
spectroscopy 

The study of depth-wise distribution of irradiation-induced open volume defects in the 

samples was carried out using variable low-energy positron beam based Doppler broadening 

spectroscopy. The working principle of variable low-energy positron beam set up is 

illustrated in figure 2.3. The positron beam set up consists of a 50 mCi strong 22Na 

radioactive source which emits positrons by spontaneous radioactive decay.  The positrons 

emitted from the 22Na source are having a broad energy distribution up to 540 keV, as shown 

in figure 2.4 (a). A W(100) thin-film moderator has been used to slow down the fast 

positrons. Typical interactions of positrons with a 2 μm thick W(100) thin-film moderator is 

shown in figure 2.4 (b) [87]. Majority of the positrons falling on the W(100) moderator film 

is transmitted without any moderation. 

 

 
Figure 2.3 Illustration of the working principle of variable low-energy positron beam 
based Doppler broadening set up. 
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Figure 2.4 a) 22Na e+ emission spectrum b) interaction of e+ with a 2 μm thick 
W(100) thin-film moderator and (c) emission spectrum of moderated e+ from a  
W(100) moderator. The figures were reused with permission from ref [87] 
(Copyright: Springer (1999)). 

A fraction of the positrons undergo thermalization and annihilate inside the 

moderator. Another fraction of the positrons thermalize and reach the surface during 

diffusion. Majority of these thermalized positrons reaching the surface get trapped in surface 

states and form positronium. Due to the negative positron work function of W(100), a very 

small per cent (~ 0.01 %) of these thermalized positrons get re-emitted with an energy equal 

to the work function of moderator (2.6 eV). A 1μm thick W(100) moderator has been used in 

the current set up. The energy spectrum of positrons emitted from the moderator is shown in 

figure 2.4 (c). The moderated positrons are then accelerated to 240 eV and focused using a 

combination of asymmetric einzel lens and two-tube lens. The positrons are then transported 

using a solenoid magnetic field of 70 gausses. The slow-positrons are extracted from the fast 

positrons by using an R×B filter having a U-shaped solenoid bend. The extracted slow-

positrons are then accelerated towards the sample by applying a negative high voltage at the 

sample side. The accelerating voltage can be varied from 0.2-22 kV. The complete details of 

the beam design have been given elsewhere [143]. An HPGe detector having an energy 

resolution of 1.45 keV at the 662 keV gamma line of 137Cs is used for Doppler broadening 

measurements. The beam automation was carried out using a Programmable System on Chip 

(PSoC) and LabVIEW programme [144]. A photograph of the experimental set up is shown 

in figure 2.5. 
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Figure 2.5 Photograph of the variable low-energy positron beam based Doppler 
broadening spectroscopic technique at IGCAR, kalpakkam [143]. 

From the Doppler broadened positron annihilation spectra, the defect sensitive S (shape 

parameter) and W-parameters (wing parameter) are defined [87]. The S-parameter is defined 

as the ratio of counts in the central energy region (511±1 keV) to the total counts under the 

spectrum (511±10 keV). The W-parameter is the ratio of counts under the wing area (506-

508 keV and 514-516 keV) to the total counts under the spectrum (511±10 keV).  

The implantation profile of positrons at any energy E is generally represented by the 

Makhovian profile [87] given by, 

 

(2.6) 
Where, 

 

(2.7) 



Chapter 2   

38 
 

and m, ,  are the material-dependent empirical parameters.  is the mass density of the 

material and  is the gamma function. = 4.0 μgcm-2keV-r, m=2, and =1.6 are the widely 

used values of the empirical parameters. The mean-implantation depth (< >) of positrons 

into the material is given by the relation:

  

(2.8) 

 
Figure 2.6 Implantation profile (Makhovian) of positrons into INRAFM steel at 
various energies. 

Figure 2.6 shows the Makhovian profile of positrons into INRAFM steel. The 

positrons enter into the solids with definite kinetic energy which dissipates within a few 

picoseconds time and reaches thermal energy of diffusion.  The implantation profile : Æ ; 

provides the depth-distribution of positrons prior to thermalization. The implantation profile 

is sharp at low positron energies. As the positron energy increases, the broadening in the 

implantation profile increases. Once the positrons get thermalized, their diffusion in the 

crystal lattice can be described using the time-dependent diffusion equation [87], 

…

…
: Æ;L 6̌ : Æ;F ˇ>Sb : Æ;?F Icd d : Æ; 

(2.9) 



Chapter 2   

39 
 

Where, n  is the positron density at the position  and time ,  is the positron diffusion 

constant,  is the positron drift velocity, and  is the effective positron annihilation rate. 

The thermalized positrons get trapped in the defects during their diffusion. Since the positron 

beam measurements are probing the direction perpendicular to the sample surface, the 

equation 2.9 is reduced to a one-dimensional problem. 

In the case of depth-dependent Doppler experiments, the diffusion of positrons after 

thermalization can be represented by a time-independent one-dimensional diffusion equation 

given by [87], 

 

(2.10) 
 is the positron implantation profile as a function of incident energy. Equation 2.10 

has to be solved numerically in order to determine the depth profile of S and W-parameters. 

The VEPFIT programme [145] has been used to fit the annihilation parameters as the 

function of positron energy. The VEPFIT assumes that the sample is having a layered 

structure with a definite S-parameter and positron diffusion length for each layer. The 

measured S-parameter at any positron energy E can be written as, 

 

(2.11) 
Where and i are the fractions of positrons annihilating in the surface and ith layer, whereas 

 and i are the S-parameters of the surface and ith layer.  

For all the irradiated samples used in this study, the experimental S-parameter has been 

modelled as follows, 

    
(2.12) 

Where, the defected region is divided into multiple layers (d1, d2...etc) according to the 

features observed in the S vs. E curves, …etc are the fractions of positrons annihilating 

in each defected layer and …etc are the S-parameters of the corresponding layers. And 

 are the fraction and S-parameter values of the unirradiated bulk layer.  

S-W correlation plots 
Since both S and W parameters are sensitive to the concentration and nature of the 

defects, the information on the nature of defects can be deduced by defining another 



Chapter 2   

40 
 

parameter called R-parameter. By assuming a two-state (bulk and defect states) trapping 

model, the S and W-parameters can be written as [87], 

 
(2.13) 

 
(2.14) 

Where,  is the fraction of positrons trapped at the defect state,  and  are the S 

and W-parameters of the bulk and defect state. The above equations can be rearranged as, 

 
(2.15) 

 
(2.16) 

The R-parameter can be defined as, 

 

(2.17) 

Since  is the only term in equations (2.13) & (2.14) that depends on the 

concentration of the defects, hence the elimination of ηd from equation (2.17) makes R-

parameter independent of the concentration of the defects. As shown in the S-W correlation 

plot in figure 2.7, the slope of the straight line through the (Wb, Sb) and (Wd, Sd) gives the R-

parameter. All the (W, S) co-ordinates lie along the straight line shows similar kind of 

defects. Hence, even though the line shape parameters provide qualitative information, the 

presence of different types of defects present in the sample can be identified by using an S-W 

correlation plot.  
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Figure 2.7 Typical S-W correlation plot of a sample containing similar kind of 
defects. 

2.6. Secondary Ion Mass Spectrometry (SIMS) 
Depth profiling of implanted helium in INRAFM steel was measured using Secondary 

Ion Mass Spectrometry (SIMS). SIMS is a highly sensitive technique for the surface 

composition analysis having elemental detection limit ranging from parts per million (ppm) 

to parts per billion (ppb) atomic concentrations. SIMS employs sputtering of the sample 

surface using primary ion beams such as Cs+, O2+, O-, Ar+, and Ga+ having an energy of the 

order of a few keV. The sputtered secondary species from the sample surface consists of 

neutral or charged atoms and clusters having energies up to a few hundred eV. The secondary 

ions are extracted by applying an electric potential and analyzed using a mass analyzer to 

obtain the composition of the material. An unirradiated INRAFM sample is used as the 

reference sample for trace element analysis. 

SIMS measurements were carried out using M/S CAMECA make IMS 7f instrument 

with 5 nA of 5.5 keV Cs+ as the primary ions to sputter the sample surface.  The primary ion 

beam was rastered over a square area of width 200 μm, and secondary ions were collected 

from a circular area of 62 μm diameter centered at the middle of the sputtered area. The 

secondary ions selected by the double-focusing mass analyzer were detected using the 

electron multiplier. The intensity vs. sputtering time profile was converted into depth profile 

by measuring the depth of the crater created by sputtering.  The crater depth was measured 

using a DEKTAK 6M stylus profilometer. 
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The sensitivity of the SIMS to a particular secondary ion species (M) depends on the 

sputter yield and ionization probability. The secondary ion yield of the species M can be 

measured in terms of the secondary ion current (IMS) given by [146], 

 

(2.18) 
Where  is the primary particle flux, ,  and M are the sputter yield, ionization 

probability and the fractional coverage of species M, and n is the transmission and detection 

efficiency of the analyser system. 

2.7. Transmission Electron Microscopy (TEM) 
Transmission Electron Microscopy (TEM) study was carried out on helium implanted 

INRAFM steel using M/S FEI Technai G2 F30 HRTEM operated at 300 kV. The ability of 

TEM to image various imperfections such as dislocations, grain boundaries, nanometer-sized 

voids, bubbles, precipitates etc. makes it a highly versatile technique to study the irradiation-

induced microstructural changes in the materials. The cross-sectional samples required for the 

TEM study was prepared using Focused Ion Beam (FIB) technique attached to the Field 

Emission Gun-Scanning Electron Microscope (FEG-SEM), M/S FEI-Helios Nanolab 600i. 

The operating voltage of ion column ranges from 500 V to 30 kV, and the beam current 

varied from 1 pA to 65 nA. Final cleaning of the sample was carried out at a maximum 

voltage of 2 kV with an ion beam current of 6 pA. Helium bubbles were studied using 

underfocus and overfocus imaging conditions [83]. 

2.8. Grazing Incidence X-ray Diffraction (GIXRD) 
The characterization of surfaces or thin films using conventional symmetrical Bragg 

Brentano (θ/2θ) XRD geometry produces strong signals from the substrate, which dominates 

the weak signals from the thin film. The Grazing Incidence X-ray Diffraction (GIXRD) has 

been used to study the surfaces and thin-film layers due to the limited penetration of the X-

rays into the material at a low angle of incidence near to the critical angle. In this geometry, 

the incident angle of the X-ray beam is fixed at a small angle slightly exceeding the critical 

angle of total internal reflection, and the angle between the incident beam and the diffracted 

beam is varied [147]. The incident X-ray travels through the near-surface area or thin film for 

a long distance and produces the diffraction pattern. The angle ( =) between the incident beam 

and the sample surface is very small and equal to a few degrees or even less. In GIXRD 

measurements, the angle α is kept constant, and the detector is moved along the 2θ circle. The 

angle between the scattered beam and the sample surface is (2θ- =). In the GIXRD 
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configuration, reflections with distinct Bragg angles θhkl are caused by lattice planes that are 

neither parallel with the substrate surface nor with each other. 

The distance travelled by the X-rays with an angle of incidence  in a layer of 

thickness t is given by [147], 

 
(2.19) 

For any material with attenuation coefficient , the primary criteria for choosing α is that 

 

(2.20) 
or,  

 
(2.21) 

Above relation should hold between  and t for the effective measurement of the layer 

having thickness t. 

The GIXRD measurements were carried out on the irradiated INRAFM samples using 

M/S Bruker D8 Discover instrument consisting of 6 kW Cu Kα (λ=1.540598 Å) rotating 

anode with parallel beam geometry using a Soller slit and 2 mm collimator. The 

measurements were carried out using 5 kW anode power. The GIXRD data was analyzed 

using the Williamson-Hall plot method; the irradiation-induced changes in the micro-strain 

and coherent domain size was studied.  

2.9. Nanoindentation 
The mechanical properties of the materials at nano-scale dimensions have been 

studied using nanoindentation technique. Nanoindentation studies were performed on 

irradiated INRAFM steel samples to study the variation of nanohardness due to the presence 

of irradiation-induced defects. The nanoindentation measurements were carried out using a 

compact platform Ultra Nanoindentation Tester (M/S Anton Paar, Switzerland) equipped 

with a Berkovich three-sided pyramidal diamond tip with an end radius of 30 nm. The 

variation of nanohardness as a function of depth was studied using sinus mode based on the 

principle of Oliver and Pharr model [148]. The two most common mechanical properties of 

materials measured using the indentation techniques are the hardness ( ) and elastic modulus 

(E). Figure 2.8 (a) shows a typical load ( ) vs. displacement ( ) curve in the nanoindentation 

experiments using a Berkovich tip. As the load increases, both the elastic and plastic 

deformation occurs, which results in the formation of permanent hardness impression on the 
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sample. During the indenter unloading, only the elastic portion of the displacement is 

recovered, which facilitates the modelling of the contact process using the elastic nature of 

the unloading curve. The important quantities that can be measured from the load vs. 

displacement curves are the maximum load ( ), the maximum displacement ( ), the 

elastic unloading stiffness (or contact stiffness)  and the final displacement after 

complete unloading ( ). A typical deformation pattern of the elastic-plastic material during 

and after indentation is shown in figure 2.8 (b). The nanoindentation hardness is defined as 

the ratio of the indentation load to the projected contact area ( ) of indentation. i.e. 

 

(2.22) 

 
Figure 2.8 Schematic illustration of a) indentation load vs. displacement curve and 

b) the deformation pattern of the elastic-plastic sample during and after indentation. 
The figures were adopted from ref [149] with permission (Copyright: Elsevier(2002). 

The loading curve can be described by a power-law relation [150], 

 
(2.23) 

Where  and m are empirically determined fitting parameters.  

For an indenter with known geometry, the projected contact area is a function of the contact 

depth ( ). The area function of a perfect Berkovich indenter is given by, 

 
(2.25) 

The contact depth can be estimated from the load-displacement curve using the relation 
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a L k_ vF
k_ v 

(2.26) 
where  is the constant that depends on the indenter geometry. For the Berkovich indenter 

=0.75. 

2.10. Summary 
This chapter discussed brief details of experimental techniques used to carry out 

irradiation damage studies in INRAFM steel. In this thesis, variable low-energy positron 

beam based Doppler broadening spectroscopy is used as a major characterization technique to 

carry out irradiation damage studies. SIMS was used for the depth profiling of implanted 

helium ions in the sample. Irradiation effects in the near-surface region were studied using 

GIXRD and nanoindentation. TEM study was performed on FIB prepared sample of helium 

implanted INRAFM steel to study the formation of helium bubbles. 
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Chapter 3 

Nucleation and growth of helium-vacancy complexes in RAFM 

steel 

3.1. Introduction 
 Neutron irradiation introduces helium into core structural materials of a nuclear 

reactor via (n, α) transmutation reaction, which leads to changes in the microstructural as well 

as mechanical properties of the material [151]. In fusion reactors, in addition to the (n, α) 

reactions induced by 14.1 MeV fusion neutrons, helium is directly introduced into the 

plasma-facing materials of first-wall by the deuterium-tritium fusion reaction. Being an inert 

atom, helium doesn’t undergo any chemical reaction with the constituent elements. Helium 

atoms will interact with pre-existing defects in the material such as dislocations, grain 

boundaries, precipitate-matrix interface, and voids as well as with the irradiation-induced 

defects [46, 65, 79, 152-154]. Helium atoms stabilize the vacancies and vacancy clusters 

against the vacancy-interstitial recombination, thereby promoting the growth of cavities. This 

enhanced growth of cavities assisted by helium can promote void swelling and premature 

deterioration of mechanical properties of the nuclear core structural materials [40, 41, 155]. 

The deterioration of the desired mechanical properties of materials due to helium 

bubble growth occurs mainly at a temperature of around 0.45Tm, where Tm is the melting 

point [46]. Helium bubbles are nucleated inside the grains as well as at the crystalline defects 

such as dislocations, grain boundaries, sub-grains, precipitate-matrix interface etc. in 

materials [60, 83, 152, 153, 156]. Helium bubble formation on individual dislocations as well 

as on the nodal points of dislocation networks has been reported in metals [152]. A post-

implantation annealing study shows the growth of helium bubbles associated with significant 

desorption of helium at 873 K in FeCr model alloys [157]. An increase in nanohardness is 

reported in EUROFER-97 steel due to the formation of nano-bubbles induced by room 

temperature helium implantation [83]. The inherent trapping sites in RAFM steels such as 

dislocations, lath boundaries, and grain boundaries act as nucleation and growth centres for 

helium bubbles [158]. A slow positron beam study combined with nanohardness 

measurements showed a heterogeneous distribution of defects within the damaged region and 

a peak hardness at 473 K in helium implanted CLAM steel [139]. Various stages of annealing 

in helium-implanted EUROFER-97 steel corresponding to the release of helium from over-

pressurized HemVn clusters and vacancy annealing (<600 K), dissociation of smaller clusters 
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and the formation of larger HemVn clusters with m<n (600 to 1200 K) and helium release 

from bubbles (>1200 K) have been reported using thermal desorption spectroscopy [141]. 

Another thermal desorption study on a reduced activation ferritic steel  observed peaks 

corresponding to the desorption of helium from the sample surface (at 373 K), de-trapping of 

helium from He-vacancy pairs (at 723 K) and dislocations (at 823 K), α to γ phase 

transformation ( at 1173 K) and desorption by bubble migration (at 1373 K) [159]. The size 

and number density of bubbles evolved during the production of helium by implantation, or 

nuclear transmutation are dependent on the parameters such as irradiation temperature, He 

production rate, displacement rate and accumulated He concentration or dose [46]. The 

presence of external tensile stress during implantation also enhances the helium bubble 

growth [160]. Though helium behaviour in steels has been studied for the past couple of 

decades, the surface proximity effect on the release and clustering of helium is still not well 

understood. The present chapter discusses the effect of helium dose and post-implantation 

annealing temperature on the formation and clustering of helium associated defects in 

INRAFM steel occurring at near-surface regions.  

3.2. Experimental 
3.2.1. Helium ion irradiation 

Two sets of normalized and tempered INRAFM steel samples were prepared and one 

set of samples was irradiated with 130 keV He ions to a fluence of 5×1014 ions/cm2 (low-

dose) and another to a fluence of 1×1016 ions/cm2 (high-dose). The irradiations were carried 

out at room temperature using a beam current of 1μA. The pressure inside the irradiation 

chamber was maintained at 1×10-6 mbar. Figure 3.1 shows the range and distribution profile 

of He ions and vacancies in INRAFM steel using SRIM 2013 code [142]. The SRIM 

calculations were performed using full-cascade mode using a total of 105 helium ions. As 

seen in figure 3.1, helium distribution peak occurs around 410 nm, whereas the vacancy 

distribution peak occurs around 360 nm. The peak displacement damage calculated for high-

dose and low-dose samples are 0.45 dpa and 0.02 dpa, respectively. The total helium 

concentration accumulated in high-dose and low-sample samples are 5600 appm and 280 

appm, respectively. 
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Figure 3.1 Helium ion and vacancy distribution profiles of 130 keV helium ions into 
INRAFM steel calculated using SRIM 2013 code. Vacancy and helium distribution 
peaks are shown using dotted lines. 

3.2.2. Secondary Ion Mass Spectrometry 
The depth profiling of He ions in high-dose samples was obtained by using Secondary 

Ion Mass Spectrometry (SIMS). The irradiated samples were isochronally annealed from RT 

to 973 K, and the He depth profiling was carried out at selected temperatures. An unirradiated 

INRAFM sample was used as a reference for trace element analysis. 

3.2.3. Positron annihilation studies 
Irradiated samples were isochronally annealed from room temperature up to 973 K, in 

steps of 100 K and characterized by positron annihilation Doppler broadening spectroscopy at 

each annealing step. An unirradiated sample was also annealed along with the irradiated 

samples and used as a reference sample. Positron beam measurements were carried out by 

tuning the energy of positrons from 0.2 to 22 keV in steps of 0.5 keV. The Doppler-

broadened spectrum was taken at each energy step by collecting approximately 106 counts 

using a HPGe detector having an energy resolution of 1.4 keV for 137Cs gamma rays. The S 

and W-parameters were deduced from the Doppler broadened spectrum. The S-parameter vs. 

positron beam energy plots were analyzed using VEPFIT programme [145].   
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3.2.4. Transmission Electron Microscopy  
TEM studies were performed on the high-dose sample annealed at 773 K. Thin 

sample required for the TEM measurement was prepared using Focussed Ion Beam (FIB) 

technique. Helium bubbles were identified using overfocus and underfocus imaging 

conditions [83]. 

3.3. Results and discussion 
3.3.1. Secondary Ion Mass Spectrometry study 

Figure 3.2 shows the depth profiling of He in irradiated INRAFM steel samples using 

SIMS. He ions are distributed up to 500 nm from the surface of the sample. The peaks were 

fitted with a Gaussian profile in order to deduce the centroid of the peak. As-irradiated 

sample shows He distribution with peak intensity at 315±0.4 nm. The as-irradiated sample 

was cumulatively annealed up to 973 K in steps of 100 K with a holding time of 1 h at each 

annealing step. SIMS studies at selected temperatures (573, 773 and 973 K) were performed, 

and a systematic reduction in the peak intensity of He distribution is observed as the 

annealing temperature is increased up to 973 K. The observed reduction in peak intensity is 

due to the release of He from the matrix due to high-temperature annealing. He release from 

ferritic steels at high temperatures was studied using thermal desorption spectroscopy and 

reported previously [141, 159]. Significant He desorption is observed in 9Cr-ferritic steels at 

temperatures around 723 and 823 K due to helium bubble growth and dislocation annealing, 

respectively [159]. Another major desorption peak observed between 1023 to 1273 K due to 

α to γ phase transition in 9Cr-ferritic steels [159]. A study on EUROFER-97 steel that was 

normalized and tempered at temperatures similar to the current study had attributed the He 

desorption peaks up to 600 K to the release of He from over-pressurized HemVn clusters. 

Another peak between 600  to 1200 K is due to the growth of larger clusters and the peak due 

to transition from α to γ phase occurs around 1200 K [141]. 
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Figure 3.2 Distribution of He ions into the irradiated INRAFM steel samples 
measured using SIMS. Peak of He distribution in the as-irradiated and 973 K samples 
are shown using dotted lines. 

Hence, in the current study, the reduction in He peak intensity observed at 573 K is 

due to the release of He from over-pressurized HemVn complexes, and the reduction in peak 

intensity from 773 to 973 K is due to the dissociation of He-vacancy complexes associated 

with the growth of larger clusters or He bubbles. Since the samples were already tempered at 

1023 K, the contribution of dislocation annealing to the reduction in He peak intensity at 973 

K may be less significant. At high temperatures, He bubbles migrate towards both directions 

from the peak intensity region. The free surface acts as a sink for bubbles, and those bubbles 

migrate towards the surface may de-trap He easily as compared to those migrating towards 

the interior. Hence at 973 K, the peak position shifted to 342±0.7 nm, which may be due to 

the de-trapping of He from bubbles present in the near-surface regions. 



Chapter 3   

52 
 

 
Figure 3.3 Normalized S-parameter vs. positron beam energy plots of as-irradiated 
and unirradiated reference samples. S-parameter values were normalized with 
respect to the unirradiated bulk value. The data points were fitted using VEPFIT 
programme. Positron mean implantation depth is shown on the top x-axis. The peak 
damage region is indicated on top axis. 

3.3.2. Positron annihilation studies 

3.3.2.1. As-irradiated samples 
The normalized S-parameter vs. positron beam energy plots of unirradiated and as-

irradiated samples are shown in figure 3.3. All S-parameter values were normalized with 

respect to the bulk S-parameter of the unirradiated sample. The mean implantation depth of 

positrons is shown along the top x-axis. The peak damage region as predicted by SRIM 

calculation is shown using an arrow. The unirradiated sample shows a higher S-parameter at 

the surface due to the presence of surface positron traps, which decreases with increase in 

positron energy and almost saturates at higher positron energies, where the bulk value is 

attained. Both as-irradiated samples show a higher S-parameter as compared to the 

unirradiated sample due to the presence of irradiation-induced defects. The defected region of 

both irradiated samples extends even beyond the range of He ions predicted by SRIM 

calculation. This is because the SRIM calculation does not take the temperature into account 
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and neglect the diffusion and clustering of point defects. This may alter the exact location and 

width of the peak damage region from the SRIM calculation. He implanted sample will be 

rich in vacancy-type defects such as vacancies, vacancy clusters and He-vacancy complexes, 

which are usually represented by HemVn, where m and n are the number of He atoms and 

vacancies present in the complex. As-irradiated samples show a higher S-parameter as 

compared to the unirradiated sample due to the presence of these irradiation-induced 

vacancy-type defects and HemVn complexes with low m/n ratio. The high-dose sample shows 

higher S-parameter as compared to the low-dose sample due to the higher concentration of 

vacancy-type defects present in the former. The difference in S-parameter between the 

irradiated samples is high at near-surface regions, as compared to the deeper regions. Also, 

the high-dose sample shows a broad peak in S-parameter around 30 nm depth region. Due to 

their low migration energy, mono-vacancies in α-Fe matrix are mobile at room temperature, 

leading to the formation of three-dimensional vacancy clusters [161]. The enhanced 

migration of vacancies towards the surface and their clustering at near-surface regions is the 

reason behind the near-surface peak (~30 nm) and the higher S-parameter shown by the high-

dose sample in the near-surface region. 

S-W correlation plots of unirradiated and as-irradiated sample are shown in figure 3.4. 

The linear nature of the S-W plot of unirradiated sample shows the presence of a single kind 

of defect in the sample. Since the RAFM steels are having a dislocation rich microstructure, 

the positron trapping sites present in the unirradiated sample is most probably associated with 

dislocations [162]. Both irradiated samples deviate from the linear nature as exhibited by 

unirradiated sample, due to the presence of irradiation-induced defects. The S-W curve of 

low-dose sample shows two slopes corresponding to near-surface and peak-damage regions.  

This is an evidence for the presence of defect-complexes having different nature present in 

the near-surface and peak-damage regions. The high-dose sample shows three linear regions 

in the S-W correlation plots. In the as-irradiated samples, the presence of different defected 

regions may be due to the depth-wise variation of m/n ratio associated with HemVn 

complexes. The near-surface regions may be rich in HemVn complexes with high vacancy 

content, while m/n ratio increases at deeper depth regions. This is evident from the SRIM 

profile (figure 3.1) where He distribution peak occurs deeper (~410 nm) as compared to the 

vacancy peak (~360 nm). 
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Figure 3.4 S-W correlation plot of the as-irradiated samples. The S and W 
parameters were normalized with respect to the unirradiated bulk values. The 
unirradiated sample exhibits linear behaviour throughout the measurement depths, 
whereas the irradiated samples deviate from the linear trend indicating the presence 
of higher defect species. 

3.3.2.2. Isochronal annealing study: Low-dose sample 
The normalized S-parameter vs. positron beam energy plots of the low-dose sample 

along with the unirradiated sample are shown in figure 3.5. The unirradiated sample is 

annealed up to 973 K is also shown for comparison. As can be seen, both unirradiated sample 

and 973 K annealed sample exhibit almost comparable S-parameter values and variation. 

This clearly establishes that the microstructure existing at unirradiated state is unaffected by 

thermal annealing even up to 973 K. As-irradiated low-dose sample shows a broad shoulder 

that extends from 140 to 430 nm in the irradiated region, which encloses the vacancy 

distribution peak (at 360 nm) predicted by SRIM. As annealing temperature increases, the S-

parameter shows a systematic reduction till 573 K. The S-parameter stood stable from 573 to 

773 K and increases with further annealing from 773 to 973 K. Since the maximum damage 

region pertains to a depth range around 360 nm, the average of S and W-parameters in the 

interval 360±150 nm (or 210 to 510 nm) have been calculated in order to depict the changes 

occurring in this depth range. The average values are used since the VEPFIT analysis of W- 
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Figure 3.5 Normalized S-parameter vs. positron beam energy plots of the low-dose 
samples. Positron mean implantation depth is shown along the top x-axis. The data 
points were fitted using VEPFIT programme. 

parameter is difficult as compared to S-parameter fitting. The average of normalized S and 

W-parameters are plotted against the annealing temperature and shown in figure 3.6. The Savg 

vs. temperature plot has been divided into three regions, a decrease in Savg from RT to 573 K 

due to defect annealing, a stable Savg region from 573 to 873 K due to bubble nucleation and 

an increase in Savg at 973 K due to He bubble growth. Due to the low interstitial migration 

energy (~0.06 eV) of He atoms in ferritic matrix, those He atoms occupying the interstitial 

positions or released from over-pressurized HemVn complexes can migrate faster even at low 

temperatures [163]. During migration, these He atoms may get trapped in vacancies or 

vacancy clusters present in the matrix and form stable HemVn complexes [139, 141]. Due to 

this He filling into vacancies and vacancy clusters, as shown in figure 3.6, the average S-

parameter (Savg) decreases from the as-irradiated state to 573 K. A He-vacancy complex of 

the type HemVn has higher core electron annihilation probability as compared to a vacancy 

cluster of the type Vn [74]. Since the increase in He concentration inside a vacancy or 

vacancy cluster increases the core electron annihilation probability, the gradual increase of 
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average W-parameter (Wavg) in this temperature region also confirms the increase in 

He/vacancy ratio of the clusters via the formation of HemVn complexes. Hence, the decrease 

in Savg associated with an increase in Wavg shows that sample annealed at 573 K mainly 

consists of smaller He-vacancy complexes of the type HemVn.  

 
Figure 3.6 The average of normalized S and W parameters from the region 360±150 
nm of low-dose sample is plotted against the annealing temperature. The dashed lines 
through the data points are just a guide to the eye. 

The HemVn complexes formed at 573 K can migrate due to high-temperature 

annealing and coalescence with adjacent complexes. Hence, the size of the HemVn complexes 

increases, whereas the number density decreases. This increase in size associated with a 

decrease in number density keeps the Savg stable from 573 to 873 K. The Wavg stood stable 

from 673 to 773 K, which may be an indication of a stable m/n ratio in this temperature 

range. The annealing stage 573 to 873 K represents the bubble nucleation stage where the 

nucleation of embryos having a critical size and critical m/n ratio takes place. The increase in 

Savg beyond 873 K is due to the growth of larger HemVn complexes with high vacancy content 

(low m/n ratio) or He bubbles. The He bubble growth mechanisms are of two types 

1) migration and coalescence and 2) Ostwald ripening [46]. In migration and coalescence, the 

HemVn embryos migrate and coalescence with the nearby embryos, thereby decreasing their 
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number and increasing the size. But in the Ostwald ripening process, those embryos having a 

critical size can grow further by absorbing the vacancies released by the dissolution of 

embryos having size less than the critical size. The availability of thermal vacancies at a 

temperature above 0.45Tm also aids the bubble growth. The decrease in Wavg in this region is 

due to the decrease in core electron annihilation fraction due to the decrease in m/n ratio 

associated with the bubble growth. 

3.3.2.3. Isochronal annealing study: High-dose sample 
The normalized S-parameter vs. positron beam energy plots of high-dose sample are 

shown in figure 3.7. The S-parameter variations shown by the as-irradiated sample is 

discussed previously. An overall reduction in S-parameter with respect to the annealing 

temperature is observed from RT to 573 K. Then, a stable S-parameter curve is observed 

from 573 to 673 K followed by an increase in S-parameter at 773 K.  

 

 
Figure 3.7 Normalized S-parameter vs. positron beam energy plots of the high-dose 
samples. Positron mean implantation depth is shown along the top x-axis. The data 
points were fitted using VEPFIT programme. 
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The near-surface S-parameter peak (at ~30 nm) observed in as-irradiated state 

completely disappears after annealing at 573 K. It has been reported that the vacancy clusters 

formed during low-temperature irradiation in α-Fe dissociate between the temperatures 500 to 

600 K [161]. Hence, as the annealing temperature increases to 573 K, the bare vacancy 

clusters present in the near-surface region dissociate and/or redistributed in the inner layers 

with available helium towards forming HemVn complexes. The stable S-parameter region 

from 573 to 673 K represents the bubble nucleation stage and the increase in S-parameter at 

773 K is due to the growth of helium bubbles.  

Figure 3.8 shows the variation of average of normalized S-parameter (Savg) and W-

parameter (Wavg) around a depth region of 360±150 nm as a function of temperature. The Savg 

decreases with increase in annealing temperature from RT to 573 K, after which it remains 

stable up to 673 K. Beyond 673 K, the Savg sharply increases up to 873 K. On the other hand, 

Wavg increases from RT to 673 K and decreases with further annealing from 673 to 873 K. 

The Savg of the high-dose sample shows similar trend as in low-dose sample till 573 K, which 

shows that the same defect annealing mechanism is acting in both samples. The stable Savg 

region corresponding to bubble nucleation is observed for a shorter temperature range (573 to 

673 K) as compared to the low-dose sample (573 to 773 K). The Wavg shows a maximum at 

673 K, which shows that clusters with higher m/n ratio are formed at 673 K. Further increase 

in Savg associated with a decrease in Wavg from 673 to 873 K indicates the bubble growth. The 

early bubble growth in high-dose sample shows the dependency of irradiation dose on helium 

bubble evolution with temperature. The dependence of irradiation dose on the size and 

concentration of helium bubbles in metals is reported previously [74]. The Savg and Wavg 

stood stable (within error bars) from 873 to 973 K due to the saturation in bubble growth. 
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Figure 3.8 The average S and W parameters from the depth region 360±150 nm of 
high-dose sample is plotted as a function of annealing temperature. S and W 
parameters were normalized with respect to the unirradiated bulk values.  The dashed 
lines through the data points are just an aid to the eye. 

3.3.2.4. Comparison between both the doses-VEPFIT analysis 
The normalized S-parameter vs. positron beam energy plots were fitted using VEPFIT 

programme [145], and the results are shown in figure 3.9. The positron diffusion length and 

S-parameter of the unirradiated sample were deduced by giving a single layer fit. The 

unirradiated sample has a normalized S-parameter of 1.000±0.008 and a diffusion length of 

109±3 nm. In the case of irradiated samples, various multiple layer fitting was attempted on 

experimental data, but three layer fitting had yielded lowest variance with meaningful 

physical parameters. Hence, a three-layer fit consisting of a surface layer, defected layer, and 

an unirradiated bulk is used for the irradiated samples. The S-parameter and positron 

diffusion length of the unirradiated bulk layer of the irradiated samples were fixed at 1 and 

109 nm, respectively. The low-dose sample in as-irradiated state shows a narrow surface 

layer having a width of 38±2 nm and a defected layer having an upper boundary at 503±7 

nm. The high-dose sample in the as-irradiated state shows a surface layer of width 72±5 nm 

and a defected layer having an upper boundary at 502±7 nm. The presence of surface layers 

in both samples is due to the clustering of vacancies at near-surface regions as well as due to 
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the presence of surface defects induced by irradiation. Since the surface layer doesn’t show 

any systematic variations in the S-parameter or width of the layer with respect to the 

annealing temperature, it is excluded from further discussion.  

 
Figure 3.9 Normalized S-parameter vs. depth profile of (a) low-dose and (b) high-
dose samples obtained from the VEPFIT analysis. Three-layer fit consists of a surface 
layer, defected layer, and an unirradiated bulk was used in the VEPFIT modelling. 

Among irradiated samples, the VEPFIT analysis gives a higher positron diffusion 

length (83 nm) in the defected layer of low-dose sample, which is higher as compared to the 

positron diffusion length in high-dose sample (66 nm). This is due to the presence of lower 

concentration of irradiation-induced vacancy-type defects in low-dose sample as compared to 

high-dose sample. The VEPFIT deduced S-parameter and width of the defected layer of both 

doses (from figure 3.9) have been plotted against the temperature and shown in figure 3.10 

and 3.11. The S-parameter variations with respect to temperature are similar to the variations 

of Savg shown in figure 3.6 and 3.8. 

As shown in figure 3.10, the S-parameter values shown by the defected layer of both 

samples follow a similar trend till 573 K, irrespective of the helium concentration and 

damage present in the samples. Hence, in helium-implanted samples, irrespective of the 

irradiation dose, similar defect annealing mechanism is acting during this temperature range. 

Both the doses show similar S-parameter from 473 to 673 K. As discussed earlier, the bubble 

nucleation stage was characterized by a stable S-parameter region from 573 to 673 K. This 

shows that during the bubble nucleation stage from 573 to 673 K; the HemVn embryos attain a 

critical size or critical m/n ratio irrespective of the dose. The similar and stable S-parameter 

observed between 573 to 673 K shows the presence of stable HemVn complexes in this 

temperature range. The thermal stability of a HemVn cluster depends on its m/n ratio. It has 

been reported that in α-Fe, the most stable configuration of HemVn complexes is having an 



Chapter 3   

61 
 

m/n ratio close to 1-1.5 [44, 163, 164]. This is because, When the m/n ratio is ~1, the helium 

atoms occupy the vacant lattice sites and is coherent with the bcc- Fe matrix [164]. A rapid 

increase in S-parameter at 773 K in the high-dose sample arises due to the increase in average 

bubble size due to the helium bubble growth. The low-dose sample shows a delayed bubble 

growth, which occurs at 973 K. 

 
Figure 3.10 Normalized S-parameter of defected layer (deduced from VEPFIT 
analysis) for both doses as a function of annealing temperature is plotted for 
comparison. 

As shown in figure 3.11, the width of defected layer of both samples increases with 

increase in temperature. A wider defected layer is observed in high-dose sample from 373 to 

973 K as compared to low-dose sample. The irradiation profile predicted by SRIM (figure 

3.1) shows that the helium concentration profile extends even beyond the vacancy 

distribution range. These helium atoms at the end of ion range are predominantly trapped in 

single vacancies as He-V pair. In α-Fe, as compared to the vacancy migration energy 

(0.65eV), lower migration energies (0.28 to 0.33 eV) have been reported for smaller HemV1 

complexes [44]. Hence, the initial increase in irradiated layer width with temperature (figure 

3.11) is mainly due to the migration of these bound helium atoms or vacancies towards both 

directions. A theoretical study done by Borodin et al. [165] shows that smaller HemVn 
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complexes with n<5 and n>m are mobile even at 573 K. The diffusion coefficient of these 

smaller complexes (~104 nm2 s-1) is just 1-2 orders of magnitude lesser than that of mono-

vacancies (~106 nm2 s-1) at 573 K. Also, it has been reported that, at 573 K, HemVn complexes 

of the type He2V3 can migrate to a distance greater than 100 nm during its lifetime [166]. 

Another study by Luklinska et al. [62] also reported that the migration of smaller complexes 

of the type He1V2 at the early stages of helium bubble formation in ferritic steels can take 

place. Hence, the migration of the smaller HemVn complexes along with rapid migration of 

helium atoms which de-trapped from the HemVn complexes having high m/n ratio leads to the 

increase in irradiated layer width of high-dose sample till 873 K. A similar trend is observed 

in the low-dose sample also, but the variation of width with temperature is less which is due 

to the presence of lower concentration of migrating species. From 873 to 973 K, the observed 

variation in the broadening of irradiated layer (within the error bar) is less, which is due to the 

decreased migration of larger bubbles. 

 
Figure 3.11 Variation of width of the irradiated layer (deduced from VEPFIT 
analysis) of both doses as a function of the annealing temperature. 

3.3.2.5. S-W correlation plot 
The S-W correlation plots using average of normalized S and W-parameters from the 

region 360±150 for both doses are shown in figure 3.12. The S-W plot of low-dose sample 

shows a linear nature and does not shows distinct regions of bubble evolution. This is because 



Chapter 3   

63 
 

of the lesser number of HemVn embryos that nucleated and grown due to the availability of 

lesser number of helium atoms and vacancies. High-dose sample (figure 3.8) shows stages 

corresponding to defect annealing, bubble nucleation, and bubble growth. Since each kind of 

defect is characterized by a single (S, W) couple, the S-W plot can be used to identify the 

nature of defects presented in the samples during different annealing stages. In high-dose 

sample, the defect annealing stage is characterized by the linear nature of S-W correlation 

plot from the as-irradiated to 573 K. The decrease in Savg associated with an increase in Wavg 

in the defect annealing stage is due to the annealing of vacancies and gradual filling of helium 

into the vacancies or vacancy clusters. In the as-irradiated sample, vacancies and vacancy 

clusters having different sizes and HemVn complexes of different m/n ratio are present. At 

573K, only HemVn complexes having similar m/n ratio are present in the sample. Hence, the 

defect annealing stage in the S-W correlation plot represents the transformation from mixed 

m/n ratio to a single m/n ratio. The defect annealing stage is followed by a bubble nucleation 

stage from 573 to 673 K, where the nucleation of HemVn embryos takes place. The annealing 

stage from 673 to 973 K falls in the bubble growth region, where growth of larger helium 

bubbles occurs.  

 
Figure 3.12 S-W correlation plots of (a) low-dose and (b) high-dose sample using 
average of normalized S and W-parameters from the region 360±150 nm. 

3.3.3. Transmission Electron Microscopy study 
TEM study was carried out on the high-dose sample annealed at 773 K, and the result 

is shown in figure 3.13. The image was taken from a depth of around 1μm from the surface. 

Helium bubbles having an average size of the order of 1.4 nm is observed in the TEM image. 

In the underfocus image, He bubbles appeared as white dots surrounded by a dark fringe, 
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whereas in overfocus image, it appeared as dark dots surrounded by a bright fringe. The 

images show a dense distribution of bubbles in the matrix.  

 

 
Figure 3.13 TEM images of the high-dose sample annealed at 773 K. Helium bubbles 
having an average size of around 1.4 nm are observed. The bubbles appear as white 
dots surrounded by a dark fringe in underfocus, and dark dots surrounded by a bright 
fringe in overfocus condition.  

3.4. Summary 
Effect of irradiation dose on the nucleation and growth of helium bubbles under 

isochronal annealing in Indian Reduced Activation Ferritic/Martensitic steel was studied. 

SIMS study showed a reduction in accumulated helium concentration with respect to 

annealing temperature due to thermal de-trapping of helium atoms from HemVn complexes. 

Depth distribution of irradiation-induced defects and different stages of helium bubble 

formation were studied using positron beam based Doppler broadening spectroscopy. 

Isochronal annealing study showed three different S-parameter stages corresponding to defect 

annealing, bubble nucleation, and bubble growth in both samples. Both low-dose and high-

dose samples showed a defect annealing stage from as-irradiated state to 573 K due to the 

annealing of irradiation-induced vacancy-type defects. A stable minimum S-parameter is 

observed in both samples during bubble nucleation stage. During the bubble nucleation stage, 

irrespective of the irradiation dose, both the samples show the formation of smaller HemVn 

complexes with similar m/n ratio. An increase in S-parameter associated with helium bubble 

growth is observed in high-dose sample at 773 K whereas at 973 K in low-dose sample. Both 

doses showed a sharp increase in width of the defected layer at higher temperatures due to the 
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migration of smaller HemVn complexes as predicted by previous theoretical models. TEM 

studies on high-dose sample showed a dense distribution of bubbles having an average size ~ 

1.4 nm in the matrix at 773 K. 
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Chapter 4 

Effect of sequential irradiation of hydrogen and helium in RAFM 

steel 

4.1. Introduction 
Along with high displacement damage introduced by 14 MeV neutrons, core 

structural materials in fusion reactors are also exposed to helium and hydrogen at the rate of 

10-15 appm He/dpa and 40-50 appm H/dpa [16, 167]. Even though the detrimental effect of 

hydrogen on microstructural and mechanical properties of materials is low, the ability of 

hydrogen to aid helium bubble growth in core-structural materials is a major concern [80, 

168-174]. The binding of hydrogen and its isotopes to helium-associated defects is very 

strong as compared to other defects such as vacancies, interstitials and dislocations [66, 175, 

176]. The enhanced growth of helium bubbles and dislocation loops due to the synergistic 

effect of hydrogen and helium in reactor steels has been studied previously [80, 168, 170, 

172, 174, 177]. Though hydrogen assisted helium bubble growth and material degradation are 

reported previously, nature of interaction between hydrogen and helium, exact role of 

hydrogen in promoting nucleation and growth of helium-vacancy complexes are still lacking 

clarity. A major concern while using simultaneous or sequential multiple ion beam 

irradiations to study the synergistic effect of hydrogen and helium is the production of excess 

vacancies by hydrogen irradiation itself. The enhancement in growth of helium bubbles or 

void swelling observed in multiple ion beam irradiation studies could be attributed to these 

excess vacancies. The potential of positron annihilation spectroscopy to probe open-volume 

defects with high sensitivity enables the non-destructive investigation of hydrogen and 

helium associated defects in materials. The presence of helium or hydrogen associated with a 

vacancy can change the fraction of positrons that annihilate with the valence and core 

electrons. Hence, the change in valence or core annihilation fraction of positrons due to the 

formation of H-vacancy or He-vacancy or H-He-vacancy complexes will be reflected in the 

positron annihilation line-shape parameters. In this chapter, individual ion beam irradiations 

have been performed with hydrogen and helium ions to study the formation and growth of 

hydrogen-vacancy and helium-vacancy complexes. Further, sequential ion beam irradiations 

have been performed using both hydrogen and helium ions to study the formation of H-He-

vacancy complexes and their influence on the nucleation and growth of helium bubbles. This 
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work aims to study various stages of formation and restructuring of defect-complexes 

associated with hydrogen and helium, which influence the growth of helium bubbles.  

4.2. Experimental 
Four normalized and tempered INRAFM steel samples were prepared for irradiation. 

Irradiations were performed with 80 keV hydrogen ions to a dose of 1500 appm (1.8×1015 

ions/cm2), and 130 keV helium ions to a dose of 450 appm (6.75×1014 ions/cm2).  Out of four 

samples, one sample is irradiated with hydrogen, and a second sample is irradiated with 

helium ions. A third sample is irradiated with hydrogen ions first and then with helium ions 

(denoted as H+He). Then, the fourth sample is irradiated with helium ions first and then with 

hydrogen ions (denoted as He+H). All four irradiations were carried out at room temperature. 

The irradiations were done with the above doses so that the concentration of ions is 

approximately equal to the total accumulated H and He gases per year in fusion reactor first-

wall and blanket materials. 

 
Figure 4.1 Distribution of total vacancies and ions into INRAFM steel calculated 
using SRIM 2013 code. Vacancy and ion peaks are shown using dotted lines. 

Figure 4.1 shows the distribution of vacancies and ions into the material calculated 

using SRIM 2013 code [142]. The energies of individual ions have been chosen such that 

their peak distribution occurs at the same depth. Both He and H ions peaks have been around 
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410 nm, whereas the vacancy peak occurs around 360 nm. The individual peak damage 

induced by H and He ions is 0.007 dpa and 0.030 dpa respectively, and the total damage 

produced by the sequential irradiation is 0.037 dpa. An isochronal annealing study has been 

performed on the irradiated samples from RT to 973 K with 1 h holding time on each 

annealing step under a dynamic vacuum of 2×10-6 mbar. The irradiated samples were 

characterized using positron beam based Doppler broadening spectroscopy.  

4.3. Results and discussion 
4.3.1. Defect studies in as-irradiated samples 

Figure 4.2 shows the normalized S-parameter vs. positron beam energy plots of 

unirradiated and as-irradiated samples. A higher S-parameter is observed in all irradiated 

samples due to the presence of irradiation-induced open-volume defects. Hydrogen 

irradiation induces defects such as vacancies (V), vacancy clusters (Vn), and H-vacancy 

complexes of the type HmVn where m and n are the number of H atoms and vacancies 

associated with each defect-complex. The high S-parameter observed in H-irradiated sample 

as compared to unirradiated sample is due to the presence of vacancy-type defects and HmVn 

complexes with high vacancy content. Similarly, in helium irradiated sample, irradiation-

induced vacancy-type defects and HemVn complexes with high vacancy content are 

responsible for high S-parameter as compared to the unirradiated sample. Among the single 

ion irradiated samples, He-irradiated sample shows a higher S-parameter as compared to the 

H-irradiated sample. This is because of the high displacement damage induced by He-

irradiation (0.03 dpa) as compared to H-irradiation (0.007 dpa). The number and size of 

vacancy-type defects and defect-complexes present in He-irradiated sample is high as 

compared to the H-irradiated sample. The binding and migration energies of these defect-

complexes depend on their configuration, size and number of H/He atoms or vacancies 

associated with each defect-complex [54, 163, 165, 169, 178, 179]. 
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Figure 4.2 Normalized S-parameter vs. positron beam energy plots of the 
unirradiated and as-irradiated samples. The data points were fitted using VEPFIT 
programme. Typical error bars are shown at selected data points. 

Both sequential irradiated samples contain an equal amount of displacement damage, 

irrespective of the sequence of irradiation. The change in irradiation sequence does not 

change the total number of vacancies produced. Hence, similar S-parameter values are 

expected in both sequential irradiated samples. Also, both the sequential irradiated samples 

are expected to show higher S-parameter values as compared to the single ion irradiated 

samples due to higher displacement damage present in the former. But the S-parameter of 

irradiated samples shows an overall trend as follows: SH+He>SHe>SHe+H>SH. The H+He 

sample shows higher S-parameter as compared to all other samples due to higher 

displacement damage present in the former. But surprisingly, the He+H sample shows S-

parameter values lower than the H+He and He samples. If the total accumulated dose or dpa 

are the only factors that decide S-parameter values, then both the H+He and He+H irradiated 

samples should show similar S-parameter values, and these S-parameter values should be 

higher as compared to the H and He irradiated samples. In the He+H sample, the sample was 

initially irradiated with He ions which produce vacancy-type and He-vacancy complexes (of 
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the type HemVn) as defects. During subsequent irradiation with H ions, three major processes 

that can happen are i) production of additional vacancies and H-vacancy complexes, ii) the 

low migration energy (~0.01 eV) of H in α-Fe matrix [169] permits easy migration and 

trapping of H  in vacancy-type defects that are already induced by He-irradiation and saturate 

them and iii) interaction of H with already existing He-vacancy complexes and form H-He-

vacancy complexes. The first process increases the S-parameter, whereas the other two 

processes reduce the S-parameter in the He+H-irradiated sample as compared to the He-

irradiated sample. Reduction in S-parameter due to reason (ii) is valid only if the number of 

vacancy-type defects that are produced by H-irradiation is less as compared to the number of 

He-induced vacancy-type defects that are saturated by H atoms. It has been reported that the 

formation of H-He-vacancy complexes can be due to the binding of H atoms to the walls of 

an already existing He-vacancy complex (of the type HemVn) via a mechanism similar to 

chemisorption [180] or the attraction of H atoms towards the He-vacancy complexes due to 

the stress field which exists around the He-vacancy complexes [175]. Hydrogen isotope like 

deuterium can bind to helium bubbles with higher binding energy (0.78±0.08 eV) as 

compared to its binding to vacancies (0.53±0.07 eV) [176]. A recent density functional theory 

calculation shows that in α-Fe, He1V1 complex is an efficient trap for H atoms as compared to 

a monovacancy [181]. The dissolution of H in He1V1 complex is exothermic in nature with 

dissolution energy of -0.40 eV [181]. Also, since H in metals always prefers to occupy low 

charge density regions [182], a low charge density isosurface provided by He-vacancy 

complexes is an energetically favourable site for H to occupy [181]. It has also been reported 

that a single He1V1 complex in α-Fe can trap up to eight H atoms [181]. The presence of H in 

H-He-vacancy complex increases the probability of positrons to annihilate with core 

electrons as compared to the He-vacancy complexes. This reduces the S-parameter of He+H 

sample as compared to the He-irradiated sample. In the case of H+He sample, vacancies 

produced by pre-irradiation with H can trap those H atoms and form H-vacancy complexes. 

Hence the vacancies produced by subsequent irradiation with He will not be saturated by 

hydrogen trapping. Also, since the H atoms interact with already existing He-vacancy 

complexes to form H-He-vacancy complexes [175, 180], the probability for the formation of 

H-He-vacancy complexes in H+He sample is low due to the absence of pre-existing He-

vacancy complexes during H-irradiation. 
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Figure 4.3 Variation of normalized S-parameter vs. positron beam energy curves of 
H-irradiated samples under isochronal annealing. The data points were fitted using 
VEPFIT programme. 

4.3.2. Isochronal annealing studies 

4.3.2.1. S-parameter vs. positron beam energy plots 
Figure 4.3 shows the variation of S-parameter vs. positron beam energy curves of H-

irradiated sample under isochronal annealing. The S-parameter increases at 373 K followed 

by a decrease with further annealing to 673 K. Since H-irradiation is associated with the 

injection of large number of H ions (1500 appm) associated with very low displacement 

damage (0.007 dpa); the as-irradiated sample contains HmVn complexes having high H/V 

ratio.  Since the irradiation is performed at room temperature with low displacement damage, 

the defect-complexes are associated with mono-vacancies or smaller vacancy clusters. Since 

the de-trapping energy of H atoms from HmVn complexes in α-Fe matrix is low (<1 eV) [53, 

76, 169, 183], the post-irradiation annealing at elevated temperatures leads to the release of H 

from those complexes [76]. The H-irradiated sample shows a sudden increase in S-parameter 

at 373 K due to the release of H from HmVn complexes having high H/V ratio. The release of 

H from HmVn complexes increases their trapping efficiency to positrons and hence, the S-

parameter increases. Hence, as compared to the as-irradiated state, the H/V ratio associated 
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with the HmVn complexes decreases after annealing at 373 K.  Further increase in annealing 

temperature decreases the S-parameter due to the release of H due to the dissociation of HmVn 

complexes and the annihilation of vacancies at the sinks. The complete defect recovery 

occurs in H-irradiated sample at 673 K. It has been observed that in the absence of H or He, 

the complete defect recovery of vacancy-type defects induced by irradiation in INRAFM 

steel occurs under isochronal annealing at 673 K [184]. Hence, the release of H from HmVn 

complexes causes the vacancies to anneal out at 673 K. 

 
Figure 4.4 Variation of normalized S-parameter vs. positron beam energy curves of 
He-irradiated samples under isochronal annealing. The S-parameter values were 
normalized with respect to the unirradiated bulk value. Some of the plots were 
omitted from the figure for better visual clarity. 

Figure 4.4 shows the variation of normalized S-parameter vs. positron beam energy 

plots of He-irradiated sample under isochronal annealing. The variations observed in S-

parameter is similar to the results obtained in chapter 3. The sample doesn’t show any 

variation in S-parameter at 373 K. An overall reduction in S-parameter is observed till 673 K, 

followed by an increase at 773 K in the near-surface regions (<10 keV). The decrease in S-

parameter with annealing till 673 K is associated with the filling of He into vacancies or 

vacancy clusters, thereby forming HemVn complexes. At 773 K, the increase in S-parameter 
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in the near-surface region occurs due to the growth of larger HemVn complexes or bubbles. At 

high temperatures, HemVn complexes and those He atoms de-trapped from the complexes 

migrates towards the near-surface regions. This increase in concentration of He promotes the 

growth of bubbles in the near-surface regions. A nominal increase in S-parameter is observed 

in the regions where the positron energy is higher than 10 keV. At 973 K, an overall increase 

in S-parameter is observed due to the growth of He bubbles. 

The results of the isochronal annealing study performed on the sequential irradiated 

samples are shown in figure 4.5. The S-parameter variations with respect to the annealing 

temperature shown by H+He sample (figure 4.5a) are almost similar to the He-irradiated 

sample. The S-parameter does not vary between as-irradiated state to 373 K. Then, the S-

parameter decreases with increase in temperature till 673 K after which it increases from 773 

to 973 K due to the growth of He bubbles. For the He+H sample (figure 4.5b), the initial 

increase in S-parameter at 373 K is due to the release of hydrogen from H-vacancy or H-He-

vacancy complexes. The S-parameter then decreases with temperature from 373 to 673 K, 

and increases with further annealing from 773 to 973 K. The decrease in S-parameter with 

annealing till 673 K is due to the annealing of vacancies and vacancy clusters associated with 

the formation of H/He-vacancy defect-complexes, and increase in S-parameter observed from 

773 to 973 K is due to the growth of helium bubbles. 
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Figure 4.5 Variation of normalized S-parameter vs. positron beam energy curves of 
a) H+He-irradiated and b) He+H-irradiated samples under isochronal annealing. 
The S-parameter values were normalized with respect to the unirradiated bulk value. 
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Figure 4.6 Normalized S-parameter vs. depth plot of H-irradiated sample deduced 
from VEPFIT analysis. 

4.3.2.2.  VEPFIT Analysis 
The S-parameter vs. positron beam energy curves of all the as-irradiated and annealed 

samples were analyzed using VEPFIT programme [145]. Irradiated samples were fitted with 

three layers- a surface layer, defected layer and an unirradiated bulk layer. The S-parameter 

and diffusion length values obtained by giving a single layer fit to the unirradiated sample are 

fixed in the unirradiated bulk layer of the irradiated samples. The S vs. depth plots obtained 

using VEPFIT analysis are shown in figures 4.6 to 4.8. The H-irradiated sample shows a 

narrow surface layer of width 7±3 nm and a defected layer that extend up to 317±15 nm 

(figure 4.6). Since the narrow surface layer shown by the irradiated samples does not possess 

any physical significance; it is neglected for further discussion. Since the binding energy of 

HmVn complexes are low [169], thermal annealing at elevated temperatures leads to their 

dissociation. The low migration energies of H (~0.01 eV) [169] and vacancies (0.65 eV) [44] 

in α-Fe enable the fast migration of released H atoms and vacancies towards both directions 

from the defected layer. Also, some of the HmVn complexes are having low migration energy 

(HmV3, migration energy ~ 0.25 eV) [53]  and are able to migrate longer distances without 

dissociation. Those H atoms that migrate towards the surface may leave the material. Hence, 



Chapter 4   

77 
 

the rapid increase in upper boundary of defected layer observed from RT to 573 K is due to 

the migration of de-trapped hydrogen or vacancies or smaller HmVn complexes. 

 
Figure 4.7 Normalized S-parameter vs. depth plot of He-irradiated sample deduced 
from VEPFIT analysis. 

He-irradiated sample shows an almost stable upper boundary for the damaged layer 

from RT to 473 K (figure 4.7) followed by a fast increase with further annealing from 473 to 

773 K. As discussed in chapter-3, the fast migration of vacancies, de-trapped He atoms and 

smaller HemVn complexes increases the width of defected layer at higher temperatures. Then, 

the upper boundary of damaged layer remains almost stable from 773 to 973 K due to the 

decreased migration of larger helium bubbles. The sequentially irradiated samples (figure 

4.8) are also showing a more or less similar trend like He-irradiated samples due to the 

migration of smaller defect-complexes or de-trapped H or He atoms or vacancies.  
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Figure 4.8 Normalized S-parameter vs. depth plot of a) H+He-irradiated and b) 
He+H-irradiated samples deduced from VEPFIT analysis. 
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Figure 4.9 Variation of normalized S-parameter of defected region of irradiated 
samples deduced from VEPFIT analysis against the annealing temperature. 

4.3.2.3. Sdefected vs. Temperature plots 
For better clarity of the results and to describe the changes occurring around the peak 

damage region, the S-parameter of the defected region obtained from VEPFIT analysis 

(Figures 4.6 to 4.8) is plotted as a function of annealing temperature and shown in figure 4.9. 

As discussed previously, H-irradiated sample shows an increase in Sdefected from RT to 373 K, 

which is due to the release of H from HmVn complexes having high H/V ratio. Further 

annealing decreases the Sdefected, and complete defect annealing occurs at 673 K. He-irradiated 

sample shows a decreasing trend in Sdefected from RT to 573 K due to the annealing of 

vacancies and an increase in He/V ratio associated with the formation of smaller HemVn 

complexes. A stable minimum Sdefected characterizes the bubble nucleation stage from 573 to 

673 K, followed by an increase in Sdefected from 773 to 973 K due to He bubble growth, as 

already observed in chapter 3.  

The H+He sample also shows a trend similar to He-irradiated sample in the Sdefected 

vs. temperature plot till 573 K. But from 473 to 573 K, the H+He sample shows a lower 

Sdefected as compared to the He-irradiated sample. Though H+He sample has a low probability 

to form H-He-vacancy complexes in the as-irradiated state, the H atoms released from HmVn 
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complexes during annealing can migrate faster and interact with already existing HemVn 

complexes in the sample and form H-He-vacancy complexes. Due to this, Sdefected of H+He 

sample is lower than He-irradiated sample from 473 to 673 K. In the case of He+H sample, 

Sdefected shows an increasing trend similar to H-irradiated sample with annealing from RT to 

373 K; which is due to the release of H from H-vacancy or H-He-vacancy complexes. Further 

annealing from 373 to 673 K decreases the Sdefected similar to He-irradiated sample. A 

theoretical calculation by Hayward et al. [185] shown that the most tightly bound H atoms to 

a H-He-vacancy complex of the type HmHenVj is having binding energy less than 1 eV, 

whereas the weakly bound He atoms having binding energy more than 1.5 eV. Hence, as 

compared to He, dissociation of H from the defect-complexes can occur at early stages of 

annealing, which leads to an increase in Sdefected at 373 K.  From 573 to 673 K, H+He and 

He+H samples show a Sdefected value lower than that of He-irradiated sample, which is due to 

the presence of H-He-vacancy complexes in the former. As the temperature increases above 

673 K, the Sdefected of both sequentially irradiated samples shows variations similar to He-

irradiated sample. The Sdefected variations that observed between different irradiated samples in 

figure 4.9 during the nucleation and growth stages of defect-complexes are less significant 

since the irradiations were performed at very low doses. In this study, at this irradiation 

conditions, even though the nature of defect-complexes present in the as-irradiated samples 

are different, the presence of H doesn’t seem to influence the growth of He bubbles under 

isochronal annealing. 

4.3.2.4. S-W correlation plot 
The S-W correlation plots of unirradiated and irradiated samples are plotted using the 

average S and W-parameters around the peak damage region 360±200 nm, and shown in 

figure 4.10. The region (160-560 nm) from which the average S-parameter has been 

calculated is shown using dotted lines in figure 4.3 to 4.6. Such a wide region has been 

chosen due to the migration of defects/defect-complexes towards both sides of the peak 

damage region at high temperatures. The lower boundary (160 nm) has been chosen to avoid 

the surface-proximity effects at low-positron-energies, and the upper boundary (560 nm) has 

been chosen to avoid the effect of unirradiated bulk at higher positron energies. Also, as the 

annealing temperature increases, almost a stable S-parameter is observed in this region due to 

the uniform distribution of defects.  The S-W correlation plot of H–irradiated sample shows a 

linear nature from RT to 673 K. The HmVn complexes formed during irradiation are 

dissociated with annealing temperature, and no other higher order defects or defect-
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complexes are formed. The samples containing helium shows two regions corresponding to 

the defect annealing stage, and nucleation and growth of larger HemVn clusters or bubbles. 

The defect annealing stage in helium containing samples was characterized by a linear region 

whereas the agglomeration of points at the middle of S-W plot is due to the nucleation and 

growth of helium bubbles. 

 
Figure 4.10 S-W correlation plot using the average of normalized S and W-
parameters. 

4.4. Conclusion 
Formation and thermal evolution of defect-complexes induced by single and 

sequential irradiation of hydrogen and helium ions in INRAFM steel have been studied. 

Hydrogen irradiated sample showed an increase in S-parameter due to the release of 

hydrogen from H-vacancy complexes at 373 K, and a reduction in S-parameter with further 

annealing. Complete defect recovery occurred in hydrogen irradiated sample at 673 K. 

Helium irradiated sample showed distinct S-parameter stages corresponding to vacancy 

annealing, nucleation of He-vacancy embryos and growth of bubbles under isochronal 

annealing. In sequential irradiated samples, the sequence of irradiation influences the number 

of surviving vacancies or the nature of defect-complexes. A reduced S-parameter is observed 
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in the sequential irradiated samples from 573 to 673 K as compared to the helium irradiated 

sample due to the formation of H-He-V complexes. An increase in S-parameter due to helium 

bubble growth occurred at 773 K in all samples irradiated with helium. In this study, the 

presence of hydrogen or irradiation sequence does not seem to influence the growth of helium 

bubbles. 
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Chapter 5 

Study of vacancy defects and their thermal stability in MeV Fe 

ion irradiated RAFM steel 

5.1. Introduction 
Irradiation effects in RAFM steels have been under extensive investigation to 

understand their tolerance to radiation damage as a fusion first-wall material [3, 21, 24, 186, 

187]. Neutron irradiation degrades the desirable mechanical properties of core structural 

materials and shortens their service life [78, 188, 189]. Size and distribution of irradiation-

induced defects such as dislocation loops and voids, irradiation-induced changes in the 

growth and volume fraction of precipitates such as MX and M23C in RAFM steel have been 

influenced by the dose and dose rate of neutron irradiation [190]. In addition to that, neutron 

irradiation also promotes the segregation of alloying elements such as Cr along the grain 

boundaries in RAFM steel [191]. Since some of the precipitates presented in the 

Ferritic/Martensitic steels are having very crucial role in the high-temperature mechanical 

properties, their stability against irradiation-induced deformations is vital in the in-core 

applications of a nuclear reactor [37, 81, 192, 193]. 

Self-ion irradiation is an efficient alternative to study neutron-induced damage in 

reactor materials due to high amount of defect production within a short duration. But the 

self-ion irradiation produces a shallow defected region close to the sample surface as 

compared to neutron irradiation. This free surface acts as a sink for irradiation-induced 

defects and influences their depth-wise distribution at the near-surface regions [194, 195]. 

The substantial variation of atomic displacement rate along the ion path and the imbalances in 

depth distribution of point defects also influence the survival of irradiation-induced defects 

[195-197]. Hence, it is essential to understand the nature and distribution of defects along the 

projected ion range to evaluate the irradiation-induced microstructural changes using ion-

irradiation techniques. The current chapter investigates i) the effect of irradiation dose on the 

nature and depth distribution of irradiation-induced defects and their recovery under 

isochronal annealing and ii) the influence of irradiation temperature and pre-injected helium 

at fusion relevant He/dpa ratio in the stability of vacancy-type defects and their evolution in 

INRAFM steel. 
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Figure 5.1 Vacancy and ion distribution profile of 1.1 MeV Fe ions into INRAFM 
steel calculated using SRIM 2013 code. Vacancy and ion peaks are shown using 
dotted lines. 

5.2. Experimental 
5.2.1. Irradiation procedure 

The normalized and tempered samples were irradiated with 1.1 MeV Fe ions to doses 

0.1, 1, 30, 70 and 100 dpa (peak doses) at room temperature. Figure 5.1 shows the Fe ion and 

vacancy distribution profiles calculated using SRIM 2013 code [142]. The Fe ion distribution 

peak occurs at around 450 nm, whereas the vacancy distribution peak occurs at 310 nm. The 

0.1 dpa sample was irradiated with a beam current of 25 nA (at a displacement rate of ~ 

4×10-4 dpa/sec) whereas all other samples were irradiated with a beam current of 250 nA (at a 

displacement rate of ~4×10-3 dpa/sec). During irradiation, the sample surface was scanned 

using ion beam to ensure a uniform irradiated surface. Hence, a lower damage rate was 

chosen for 0.1 dpa sample so as to increase the irradiation time thus ensuring better spatial 

uniformity. Since the defect production and recombination rates are strongly influenced by 

the ion beam current or displacement damage rate, separate isochronal annealing study was 

carried out on the 0.1 dpa sample. The irradiated samples (1 to 100 dpa) were characterized 

by using Grazing Incidence X-ray Diffraction (GIXRD), nanoindentation and positron beam 

based Doppler broadening spectroscopy.  
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In the second study, high-temperature irradiation experiments were carried out on 

INRAFM steel samples with and without pre-injected helium. Samples were irradiated at 

room temperature, 473, 673 and 773 K. One set of samples were irradiated at elevated 

temperatures with 1.1 MeV Fe ions to a dose of 70 dpa. Another set of samples were pre-

injected with a uniform concentration of He ions to 700 appm and then irradiated with 1.1 

MeV Fe ions to a dose of 70 dpa at elevated temperatures. The irradiation dose was chosen 

such that the He/dpa ratio (10 appm/dpa) at the peak damage region is equivalent to the 

fusion reactor first-wall irradiation conditions. Positron annihilation study has been carried 

out to understand the effect of pre-injected helium and irradiation temperature on the survival 

and growth of vacancy-type defects. More details on the high-temperature irradiation 

procedure and experimental details have been given in section 5.3.4. 

5.2.2. Positron annihilation studies 
The defect recovery under isochronal annealing in the samples irradiated at room 

temperature was carried out using positron beam based Doppler broadening spectroscopy. 

The samples were annealed from room temperature to 1073 K in steps of 100 K with a 

holding time of 1 h at each annealing step. Since the irradiation at 0.1 dpa was done with a 

low ion beam current, a separate annealing study was conducted on the 0.1 dpa samples. 

Among the high-dose samples, 1 and 100 dpa samples were also annealed at similar 

conditions and defect-recovery studies were carried out. Defect studies in high-temperature 

irradiated samples were also carried out using positron annihilation studies. 

5.2.3. GIXRD studies 
The GIXRD measurements were carried out on as-irradiated samples of doses from 1 

to 100 dpa at an angle of incidence of 0.6o. Figure 5.2 shows the GIXRD spectra of 

unirradiated and irradiated INRAFM samples. The peaks were identified and indexed. The 

crystal structure remains stable, and no irradiation-induced phase changes were observed. 

Irradiation-induced changes in micro-strain and coherent domain size were studied using the 

Williamson-Hall plot method [147], 

 

(5.1) 
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Figure 5.2 GIXRD spectra of unirradiated and irradiated INRAFM samples. The 
individual plots are up-shifted along the Y-axis for clarity. The peaks were identified 
and indexed. 

 
Figure 5.3 Williamson-Hall plot of unirradiated and irradiated samples. 
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Where  is the integral breadth in radians,  is the Bragg angle in radians,  is the 

wavelength of X-rays in nm,  is the Scherer constant,  is the average crystallite size 

or coherent domain size in nm,  is the average micro-strain (in %) presented in the material. 

The  and  values were obtained by fitting the individual peaks with a Pseudo-Voigt 

function. Figure 5.3 shows the Williamson-Hall plot obtained by using ( ) along 

the Y-axis and ( ) along the X-axis which gives the micro-strain ( ) as slope and 

the coherent domain size ) as the inverse of intercept. 

5.2.4. Nanoindentation studies 
The nanoindentation measurements were carried out on as-irradiated samples from 1 

to 100 dpa. The indentations were carried out with a maximum linear load of 50 mN, where 

the loading and unloading rates were maintained at 100 mN/min with a 5 seconds pause at the 

maximum load. The sinus frequency and amplitude were maintained at 1 Hz and 5 mN, 

respectively. Five indents were performed per sample, and the statistical average of the 

nanohardness data has been taken. A typical load profile of the indentation and the optical 

image of the indented surface have been shown in figure 5.4. 

 

 
Figure 5.4 a) Typical load profile of the nanoindentation and b) optical micrograph 
of the indented surface. 

5.3. Results and discussion 
5.3.1. Defect recovery under isochronal annealing in low-dose (0.1 dpa) sample  

The normalized S-parameter vs. positron beam energy plots of unirradiated, as-

irradiated and isochronally annealed INRAFM samples irradiated to 0.1 dpa is shown in 

figure 5.5. The S-parameters were normalized with respect to the bulk-saturated S-parameter 

value of the unirradiated sample. The as-irradiated sample shows a higher S-parameter as 
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compared to the unirradiated sample. The ion irradiation at room temperature produces point 

defects such as vacancies and interstitials, which can aggregate to form higher-order defects 

such as point defect-clusters or dislocations. The presence of vacancy-type defects increases 

the S-parameter of as-irradiated sample as compared to the unirradiated sample. As the 

temperature increases from RT to 373 K, the S-parameter shows a narrow increase. This may 

be because of the migration and clustering of nearby vacancies at 373 K. The S-parameter 

shows an overall decreasing trend with further annealing from 373 to 673 K, followed by an 

almost stable region till 973 K, and finally coincides with the unirradiated values at 1073 K. 

The microstructure of INRAFM steel contains intrinsic defects such as dislocations, 

precipitates, laths, grain-boundaries and sub-grains, which act as sinks for irradiation-induced 

point defects. As the annealing temperature increases, in addition to the vacancy-interstitial 

recombination, the point defects migrate and annihilate at the surface and the sinks in the 

interior. This results in an overall reduction in S-parameter with respect to the annealing 

temperature, and complete recovery from irradiation-induced defects occurs at 1073 K. 

 
Figure 5.5 Normalized S-parameter vs. positron beam energy plots of INRAFM steel 
irradiated with a dose of 0.1 dpa. The lines are fits to the experimental data using 
VEPFIT programme. Positron mean implantation depth is shown on the top x-axis. 
Typical error bars are shown for selected data points. 
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Figure 5.6 shows the S-parameter as a function of sample depth obtained using 

VEPFIT analysis. The S-parameter and the diffusion length of positrons in the unirradiated 

sample are deduced by giving a single layer fit. The as-irradiated and 373 K annealed 

samples were fitted with three layers; two layers in the irradiated region and an unirradiated 

bulk layer. The irradiated region in as-irradiated sample consists of a near-surface layer of 

thickness 90 nm and a second defected layer that extends up to 845 nm. Both the layers in 

irradiated region widens as the annealing temperature increases to 373 K. The S-parameter 

and width of near-surface layer in 373 K sample is high as compared to the as-irradiated 

sample, which may be due to the migration and agglomeration of nearby vacancies in the 

near-surface region at 373 K. This near-surface layer completely disappears after annealing at 

473 K. All the samples from 473 to 973 K are fitted with two layers- a defected layer and an 

unirradiated bulk layer. The sample at 1073 K is fitted with single layer since the damaged 

layer disappeared due to complete defect-recovery. 

 
Figure 5.6 Normalized S-parameter vs. depth plot of 0.1 dpa irradiated sample 
deduced from VEPFIT analysis. 

The normalized S-parameter (Sdefected) and width of the defected layer obtained from 

figure 5.6 are plotted against the annealing temperature and is shown in figure 5.7. As the 

annealing temperature increases, an initial reduction is observed in both Sdefected and width of 
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defected layer till 673 K, followed by a stable region from 673 to 873 K and then decreases 

with further annealing till 1073 K. The initial reduction in Sdefected and width from as-

irradiated state to 673 K is due to thermally enhanced migration and annihilation of vacancies 

at the sinks. The Sdefected decreases due to vacancy annealing, whereas the reduction in width 

is due to the migration of vacancies towards the surface. An isochronal annealing study using 

PAS on EUROFER-97 steel, which was normalized and tempered at the same temperatures 

of INRAFM steel showed the formation and coarsening of additional carbide precipitates 

between 700 to 1000 K [198]. The additional carbide precipitates that formed below the 

tempering temperature (1033 K) can retard the movement of point defects, point defect 

clusters and dislocations. This makes the Sdefected and width of defected layer stable between 

673 to 873 K. Above 873 K, these carbide precipitates coarsen, which reduces their 

efficiency to trap and retard the movement of defects. Hence, at temperatures above 873 K, 

the enhanced mobility of these defects and their annihilation at the sinks reduce Sdefected and 

width further. 

 
Figure 5.7 Variation of normalized S-parameter and width of the defected layer 
obtained from VEPFIT analysis (Figure 5.6) with respect to the annealing 
temperature. Data points are connected with dashed lines to guide the eye. Width of 
defected layer at 373 K does not fall in the trend shown by other temperatures due to 
the presence of a wider near-surface layer. 
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The average of normalized S and W-parameters are calculated from the region 

310±100 nm for all the samples and shown in the S-W correlation plot in figure 5.8. This 

region (210 to 410 nm) has been chosen to avoid the influence of near-surface region and 

unirradiated bulk, and to get the exact nature of S-W correlation from a region around the 

vacancy peak. The linear nature of S-W correlation plot indicates that similar kind of defects 

exists in the unirradiated and irradiated materials throughout the annealing temperatures. 

These defects may be vacancies or vacancies trapped at the interface of secondary 

precipitates or dislocations. 

 
Figure 5.8 S-W correlation plot of 0.1 dpa sample obtained using the average of 
normalized S and W-parameters. The normalized S and W values were averaged 
around the depth region of 310±100 nm. 

5.3.2. Defect studies in as-irradiated high-dose (1-100 dpa) samples 

5.3.2.1. Positron annihilation spectroscopic studies 

5.3.2.1.1. S-parameter vs. positron beam energy plots 
Figure 5.9 shows the normalized S-parameter vs. positron beam energy plots of 

INRAFM steel samples irradiated at different doses between 1 to 100 dpa. The experimental 

data points were fitted using VEPFIT programme [145]. In the case of 1 dpa sample, S-

parameter shows an initial increase with increase in positron energy from 0 to 2 keV, and 
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remains stable from 2 to 8 keV, followed by a decrease with further increase in positron 

energy. The maximum S-parameter observed between 2 to 8 keV is due to the agglomeration 

of vacancies in the near-surface regions. The vacancy clustering in the near-surface region 

with helium irradiation was already observed in chapter-3. The S-parameter then decreases 

from 8 keV to 22 keV due to the reduction in number of vacancies with respect to the sample 

depth. Since the positrons are sensitive to open-volume defects, the S-parameter vs. positron 

beam energy plot is directly related to the distribution of vacancy-type defects in the 

irradiated material.  

 
Figure 5.9 Normalized S-parameter vs. positron beam energy plots of the 
unirradiated and as-irradiated samples. Experimental data points were fitted using 
VEPFIT programme. Positron mean implantation depth is shown on the top axis. 

As compared to the 1 dpa sample, different S-parameter behaviour is observed in the 

high-dose samples 30, 70 and 100 dpa. Based on the variations observed, the S-parameter vs. 

positron beam energy plots of these high-dose samples has been divided into four regions R1, 

R2, R3 and R4, as shown in figure 5.9. Region-1 (R1) extends from positron energy range 0 

to 1.5 keV and exhibit a higher S-parameter at the surface followed by a decreasing trend, 

and reaches a minimum around 1.5 keV. Region-2 (R2) shows a hump in S-parameter due to 
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its increase and decrease in the energy range from 1.5 to 10 keV. Region-3 (R3) represents 

the region with a shallow dip in S-parameter from 10 to 15 keV, and the Region-4 (R4) 

shows another hump in S-parameter between the energy range 15 to 22 keV. As predicted by 

the SRIM calculation (figure 5.1), the irradiated region consists of a vacancy-rich and an 

injected-interstitial (Fe ion) rich region. The vacancy distribution peak occurs around 310 nm, 

whereas the injected-interstitial peak occurs at a depth around 450 nm. This constitutes a 

concentration gradient of vacancies and injected-interstitials near to the peak damage region. 

Due to this, the injected-interstitial atoms migrate towards the vacancy-rich region and 

recombine with the vacancies presented there. This reduces the number of vacancies or the 

size of vacancy clusters present at the peak damage region. This effect is known as injected-

interstitial effect [194, 196, 197, 199, 200]. The dip in S-parameter at the middle of S-

parameter vs. positron beam energy curves (Region-R3) observed at higher doses (30 to100 

dpa) is due to the reduction in concentration of vacancies or the size of vacancy clusters due 

to injected-interstitial effect. In ion-beam irradiation experiments, the recombination of 

vacancies and interstitials due to injected-interstitial effect reduces the super-saturation of 

vacancies at the peak damage region, which lead to a reduction in void swelling. Due to this, 

the damage profile obtained in ion beam irradiation experiments exhibits dual peaks (regions 

R2 and R4 in this study) [194]. The extent to which the experimental damage profile deviates 

from theoretically calculated profile is influenced by the parameters such as irradiation dose, 

dose rate, temperature, microstructure and chemical composition/purity of the material [194, 

197, 200]. In this study, this effect is not observed in 1 dpa sample, less prominent in 30 dpa 

sample whereas clearly observed in 70 and 100 dpa samples. As the irradiation dose 

increases, the S-parameter and hence the vacancy concentration at the peak damage region 

(shown by an arrow in fig.5.9) initially decreases from 1 to 70 dpa due to the increase in 

vacancy-interstitial recombination, then a sudden increase is observed at 100 dpa due to the 

formation of larger vacancy clusters due to high-dose irradiation. 

5.3.2.1.2. S-W correlation plot 
The S-W correlation plot using the average of normalized S and W-parameters of the 

regions R1, R2, R3, and R4 is given in figure 5.10. As seen previously; the S-W plot of the 

unirradiated sample shows a linear nature due to the presence of single type of defects present 

in the sample. The data points of region R1 of all the doses show a linear nature and lie along 

with the data points of unirradiated sample. The S-W correlation plot of regions R2, R3 and 

R4 of all doses are also showing a linear nature and lie along another straight line. This shows 

that similar kind of defects present in these regions irrespective of the dose. The defects- 
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present in the regions R2, R3 and R4 are different from that of region R1 and unirradiated 

bulk.  

 
Figure 5.10  S-W correlation plot using the average of S and W-parameters from the 
regions R1, R2, R3, and R4 shown in figure 5.9. 

5.3.2.1.3. VEPFIT Analysis 
VEPFIT analysis has been employed to deduce the S-parameter values and the width 

of different regions observed in the normalized S-parameter vs. positron beam energy plots 

(figure 5.9). Figure 5.11 shows the normalized S-parameter vs. sample depth profile obtained 

from the VEPFIT analysis. The unirradiated sample was analysed by giving a single layer fit. 

The irradiated samples consist of an irradiated/damaged region followed by an unirradiated 

bulk region. The damaged region has been fitted with multiple layers according to the nature 

of the S-parameter variations observed in figure 5.9. The S-parameter and diffusion length 

values of the unirradiated bulk region of all the irradiated samples have been fixed to the bulk 

values of the unirradiated sample.  

The 1 dpa sample is fitted with three layers (figure 5.11); two layers in the damaged 

region and an unirradiated bulk layer. The two layers observed in the damaged region consist 

of a near-surface layer where the vacancy agglomeration occurs and a second layer that 

pertains to a region where maximum damage is produced according to the SRIM calculation. 
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The near-surface layer is having a higher S-parameter (Snormalized=1.118) of width 150 nm due 

to the migration and agglomeration of vacancies towards the surface from the peak damage 

region. Hence contrary to SRIM predicted profile, the maximum damage accumulation is 

contained within the first 150 nm from the surface. The second damaged layer is having a 

lower S-parameter (Snormalized=1.109) and extends from 150 to 860 nm. This layer extends 

even beyond the maximum range of vacancies (650 nm, figure 5.1) predicted by SRIM, 

which is due to the thermal migration of irradiation-induced vacancies towards the 

unirradiated bulk region.  

 
Figure 5.11 Normalized S-parameter vs. depth plot of the as-irradiated samples 
deduced from VEPFIT analysis. 

The normalized S-parameter vs. positron beam energy curves of 30, 70 and 100 dpa 

samples were fitted with five layers: four layers in the damaged region (L1, L2, L3 and L4 as 

shown in figure 5.11) and an unirradiated bulk layer as the fifth layer. Four-layer (L1, L2, L3 

and L4) modelling is adopted for the damaged region due to the presence of four different S-

parameter regions (R1, R2, R3 and R4) in figure 5.9. Since the VEPFIT analysis consider the 

implantation profile and inter-layer diffusion of positrons while modelling the layered 

structure of S-parameter, the width of layers L1 to L4 may be different from the width of 

regions R1 to R4 (figure 5.9) that is obtained using the mean implantation depth of positrons. 
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Also, since the S-parameter value of the unirradiated bulk layer of all irradiated samples is 

fixed, the VEPFIT analysis extrapolates the data points to a depth beyond the mean 

implantation depth of positrons corresponding to the maximum energy (22 keV). Due to this, 

the upper boundary of layer L4 (> 1100 nm, figure 5.11) goes beyond the mean implantation 

depth of positrons that corresponds to the maximum energy (22 keV, 715 nm, figure 5.9).  

The width of layer L1 increases from 10 to 30 nm with increase in dose from 30 to 100 dpa. 

The width of vacancy-interstitial recombination-rich region (L3) is also increasing with an 

increase in dose from 30 to100 dpa. Also, as the irradiation dose increases, the upper 

boundary of layer L3 shifts away from the surface towards the end of ion range. As shown in 

SRIM calculation (figure 5.1), the peak of injected Fe ion profile is closer to the end of ion 

range as compared to the peak of vacancy profile. Since the interstitials having low migration 

energy as compared to the vacancies, the injected-interstitials migrate faster towards the 

vacancy-rich region and recombine with vacancies along the path, thereby reducing the S-

parameter. Due to this, with increase in dose, the upper boundary of vacancy-interstitial 

recombination-rich region (L3) shifts towards the end of ion range. Also, the size of vacancy 

clusters present in the interstitial-rich region (L4) may be different from the vacancy-rich 

region (L2). This is because; the critical size of vacancy-clusters that can survive vacancy-

interstitial recombination in the interstitial-rich region is different from that of the vacancy-

rich region. Hence, the S-parameter observed in the interstitial-rich region may be different 

from the vacancy-rich region. This is visible at 100 dpa where the high dose irradiation had 

introduced vacancy clusters, whose size is larger in the interstitial-rich region as compared to 

the vacancy-rich region.   

5.3.2.2. GIXRD Results 
As shown in figure 5.3, the Williamson-Hall plots of both unirradiated and irradiated 

samples show a positive slope due to the presence of tensile strain present in the material. 

The micro-strain and coherent domain size deduced from the Williamson-Hall plots are 

plotted as a function of the irradiation dose and shown in figure 5.12. A coherent domain size 

of 82 nm is observed in the unirradiated sample, which decreases with irradiation at 1dpa due 

to the presence of irradiation-induced defects and remains invariant with further increase in 

dose from 1 to 30 dpa. The coherent domain size increases with further increase in dose from 

30 to 100 dpa, which may be an indication of the defect-recovery mechanism occurring at 

higher doses. Also, the micro-strain present in the samples does not show any appreciable 

change till 30 dpa, and increases with further increase in dose from 30 to 100 dpa. Unlike the 
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positron measurements, the interstitial-type defects also influence the coherent domain size 

and micro-strain variations observed in GIXRD studies. Hence, in addition to the distribution 

of vacancy-type defects as probed by positron, the interstitial-type defects must also be taken 

into account while explaining the results obtained in GIXRD studies. According to the 1/e 

penetration depth (t1/e=Sin α/μ; α is the grazing angle of incidence and μ is the mass 

attenuation coefficient of x-rays) of x-rays [147], the depth probed by GIXRD in the present 

study is approximately 45 nm. This depth is approximately equal to the region probed by 0 to 

4 keV positrons (in figure 5.9). 

 
Figure 5.12 Coherent domain size <D>v and micro-strain deduced from Williamson-
Hall plot (figure 5.3) is plotted as a function of the irradiation dose. The dotted lines 
through the data points are just a guide to the eye. 

In 1 dpa sample, as seen in the positron annihilation study (in figure 5.9), the GIXRD 

is probing the region where vacancy agglomeration is dominating. The interstitials produced 

along with the vacancies either move towards the sinks or agglomerate to form stable 

interstitial-loops. The irradiation-induced vacancy and interstitial-type defects can distort the 

crystallinity and hence, reduce the size of coherently scattering domains at 1 dpa as compared 

to the unirradiated sample. The micro-strain present in the unirradiated sample shows a 

tensile nature. The presence of vacancy-type defects may increase the tensile nature of the 
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micro-strain, whereas the interstitial-type defects can compress the lattice and reduce the 

tensile micro-strain. Hence, the net variation in micro-strain in irradiated samples is decided 

by the dominant mechanism among the above two processes. At 1 dpa, as the vacancies 

agglomerates to form bigger clusters at the near-surface regions (as seen in positron studies), 

the interstitials tend to segregate and form loops. Hence, the reduction in micro-strain 

observed at 1 dpa may be due to the presence of the interstitial loops. In the high-dose 

samples (30, 70 and 100 dpa), the GIXRD is probing the region where a dip in the S-

parameter (from 0 to 4 keV positron energy) is observed in figure 5.9. The dip in S-parameter 

is due to the presence of a less-defected sub-surface layer which may be formed due to the 

migration of irradiation-induced defects towards the free surface. The increase in defect 

production due to irradiation is balanced by the defect-recovery mechanisms, which keeps 

both the coherent domain size and micro-strain invariant from 1 to 30 dpa. The presence of a 

less-defected sub-surface layer along with the defect-recovery processes that occur at higher 

doses keep the coherent domain size increasing from 30 to 100 dpa. When the defect 

recovery occurs, the concentration of both vacancy and interstitial-type defects decreases. 

The increase in micro-strain from 30 to 100 dpa may be influenced by the reduction in 

interstitial-loops. 

5.3.2.3. Nanoindentation study 
The variation of nanohardness with respect to indentation depth is shown in figure 

5.13. The unirradiated sample shows high hardness at the surface, which decreases and 

saturate after 500 nm. The higher hardness at the surface is due to the indentation size effect 

[201, 202] or the surface defects present in the material. All the irradiated samples show 

higher hardness values as compared to the unirradiated sample due to the presence of 

irradiation-induced defects in the former. The irradiated sample does not show a monotonous 

variation in nanohardness with respect to dose. An overall increase in nanohardness observed 

with irradiation dose till 30 dpa, after which it decreases with further increase in dose from 30 

to 70 dpa, and increases again at 100 dpa. The initial increase in nanohardness with an 

increase in dose up to 30 dpa due to the increase in irradiation-induced defects is well 

understood. But, in order to explain the reduction in nanohardness at 70 dpa and its further 

increase at 100 dpa, it is essential to invoke the defect-recovery due to injected-interstitial 

effect that was observed in positron annihilation study. 
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Figure 5.13 Nanohardness vs. indentation depth plot of the as-irradiated samples. 
The lines through the data points are just a guide to the eye. 

The average of nanohardness and normalized S-parameter values around the peak 

damage region (310±100 nm) is deduced and plotted against the irradiation dose is shown in 

figure 5.14. The initial increase observed in the average nanohardness and S-parameter values 

with increase in dose are due to the presence of irradiation-induced defects. The maximum of 

S-parameter and nanohardness is observed at 1 dpa and 30 dpa doses, respectively. The S-

parameter variations are sensitive to open-volume/vacancy-type defects alone, whereas both 

interstitial and open-volume type defects are responsible for nanohardness variations. Hence, 

it is not always possible to have one to one correlation between the S-parameter and 

nanohardness variations. Both the S-parameter and nanohardness shows a minimum value at 

70 dpa. As revealed by the positron study, the reduction in nanohardness at 70 dpa (figure 

5.14) is due to the recovery of irradiation-induced defects due to injected interstitial effect. 

Further increase in S-parameter and nanohardness at 100 dpa is due to the formation of larger 

vacancy clusters. 
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Figure 5.14  Variation of average of normalized S-parameter (from figure 5.9) and 
the average of Nanohardness from 310±100 nm (from figure 5.13) region with 
respect to the irradiation dose. The line drawn through the data points is a guide to 
the eye. 

5.3.3. Defect-recovery under isochronal annealing in 1 dpa and 100 dpa samples 
The results of isochronal annealing studies performed on 1 and 100 dpa samples are 

shown in figure 5.15 (a) and (b). The 1 dpa sample shows an overall reduction in S-parameter 

with respect to the temperature, which is due to the annealing of vacancy-type defects. The 

complete defect recovery is observed at 673 K. The 100 dpa sample is also showing an 

overall reduction in S-parameter with respect to the annealing temperature and complete 

defect recovery occurred at 673 K. The dual hump observed in 100 dpa sample (figure 5.15 

(b)) due to injected-interstitial effect is completely disappeared at 573 K. The dip in S-

parameter observed at the near-surface region (Region R1) is also disappeared at 673 K. The 

normalized S-parameter vs. positron beam energy plots of figure 5.15 are analyzed using 

VEPFIT programme and the results obtained are given in figure 5.16 (a) and (b). For 1 dpa 

sample (figure 5.16 (a)), both the S-parameter and width of damaged layers (D1 & D2) 

decreases with annealing temperature due to the migration and recombination of point 

defects. At 573 K, the near-surface damaged layer (D1) is almost diminished and the second 

damaged layer (D2) is shortened to 490 nm. The damaged region except a narrow surface- 
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Figure 5.15 Normalized S-parameter vs. positron beam energy plots of a) 1 dpa and 
b) 100 dpa irradiated samples annealed from RT to 1073 K. The data points were 
fitted using VEPFIT programme. 
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Figure 5.16 Normalized S-parameter vs. depth plot of a) 1 dpa and b) 100 dpa 
samples annealed from RT to 673 K. 

layer having a width of few nanometers (~ 9 nm) is completely disappears after annealing at 

673 K. 

In the case of 100 dpa sample (Figure 5.16 (b)), all four layers (L1, L2, L3 and L4) in 

the damaged region exist till 473 K. At 373 K, the S-parameter and width of layer L4 

decreases and layer L3 widen towards L4. This occurs because of the migration of point 

defects from layer L4 to L3. As the temperature increases to 473 K, the layers L3 and L4 shift 

towards the surface and completely merge to a single layer at 573 K. The layer L2 exists until 

573 K which may be due to the presence of some stable vacancy clusters in the region, and 

the entire damaged region disappears at 673 K. Even at 673 K, in addition to the bulk-layer, a 

narrow surface-layer having a width of few nanometers is needed to get a better fit for the 

data points of both the samples. This may be due to the modification of sample surface by 

irradiation or oxide formation during annealing treatment. 

The average of normalized S-parameter from regions R1, R2, R3, and R4 (as defined 

in figure 5.9) has been deduced for both doses at all annealing temperatures, and plotted as a 

function of temperature in figure 5.17. The S-parameter of the narrow region R1 shows 

fluctuations within the error bar and hence is neglected from further discussions. The regions 

R2, R3 and R4 shows a reduction in S-parameter with respect to the annealing temperature, 

and saturate at the bulk S-parameter value of the unirradiated sample at 673 K. The 

isochronal annealing study of 1 and 100 dpa samples does not show any stable S-parameter 

region as shown by the 0.1 dpa sample (figure 5.7, section 5.3.1). However, a small peak in 

the S-parameter (shown by an arrow, figure 5.17) observed in R2 at 873 K may be an 

indication for the secondary precipitates formed in this region. This is not visible in regions 
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R3 and R4, which may be due to the suppression of the formation of secondary carbide 

precipitates by high dose irradiation. It has been reported in an Atom Probe Tomography 

(APT) study by Tissot et al. [203] that, in Fe2+ ion irradiated FeCr alloys, the presence of 

injected interstitials can prevent the formation of Cr rich α' precipitates. Hence, further studies 

using APT or high-resolution electron microscopy need to be performed to confirm the 

present results. 

 
Figure 5.17 Average of normalized S-parameters from regions R1, R2, R3 and R4 
are plotted as a function of annealing temperature for both 1 dpa and 100 dpa 
samples. 

5.3.4. High-temperature irradiation studies 
In this study, INRAFM steel samples were irradiated at higher temperatures with and 

without pre-injected helium. In the first study, the irradiations were performed with 1.1 MeV 

Fe ions to a dose of 70 dpa, without the presence of pre-injected helium. The second study 

was carried out by pre-injecting the samples with an uniform He concentration of 700 appm, 

and then irradiated with 1.1 MeV Fe ions to 70 dpa at temperatures RT, 473, 673 and 773 K. 

The above irradiation temperatures were chosen because they correspond to a defect 

annealing stage (473 K) as observed in chapter 3, bubble nucleation stage (chapter 3) and 

defect recovery stage in the previous study (673 K), and bubble growth stage in chapter 3 
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(773 K). Figure 5.18 shows the distribution of He ions and vacancies calculated using SRIM 

2013 code [142]. Uniform concentration of He near to the peak damage region was obtained 

by implanting He ions at energies 50, 90 and 130 keV’s to doses 5.5×1014, 6.2×1014, 6.4×1014 

ions/cm2 respectively.  

 
Figure 5.18 Vacancy distribution profile of 1.1 MeV Fe ions and the distribution of 
helium ions into INRAFM steel calculated using SRIM 2013 code. A uniform 
distribution of helium ions near to the vacancy peak is obtained by implanting with 
He ions at energies 50, 90 and 130 keV’s. 

5.3.4.1. High-temperature irradiation without pre-injected helium 
Figure 5.19 shows the normalized S-parameter vs. positron beam energy plots of 

INRAFM steel samples irradiated with 1.1 MeV Fe ions to 70 dpa at various high-

temperatures. Result of room-temperature irradiated sample from section 5.3.2 (figure 5.9) is 

also plotted for comparison. As compared to the sample irradiated at RT, a reduction in S-

parameter is observed at 473 K due to the annealing of defects. Like the RT irradiated 

sample, a shallow dip is visible at the near-surface region of 473 K sample. As the 

temperature increases to 673 K, S-parameter curve shows further reduction and coincide with 

the unirradiated curve. Hence, as seen in the isochronal annealing study in section 5.3.3, 

complete defect recovery occurs at 673 K. The irradiation at 773 K does not show any further 

variation in S-parameter which shows the absence of any void growth without helium. This 
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study shows that, without pre-injected helium, all vacancy-type defects either move to sinks 

or recombine with interstitials; hence, a defect recovery is observed with high-temperature 

irradiation. 

 
Figure 5.19 Normalized S-parameter vs. positron beam energy plots of INRAFM 
steel samples irradiated with 1.1 MeV Fe ions to 70 dpa at room temperature, 473, 
673 and 773 K. The defect annealing from RT to 673 K is shown using an arrow. 

5.3.4.2. High-temperature irradiation with pre-injected helium 
The normalized S-parameter vs. positron beam energy plots of high-temperature 

irradiated samples with pre-injected helium is shown in figure 5.20 (a). The RT irradiated 

sample shows S-parameter values and trend similar to the sample that does not contain 

helium (as shown in figure 5.19). This is because of the saturation trapping of positrons at the 

vacancy-type defects induced by high dose Fe ion irradiation. In the presence of bare-

vacancies, positrons prefer to get trapped in a vacancy site rather than a helium-vacancy 

complex. The S-parameter decreases with increase in irradiation temperature from RT to 673 

K, followed by an increase at 773 K. As the irradiation temperature increases, bare vacancies 

anneal out as seen in the previous section, or filled with helium thereby forming HemVn 

complexes. This reduces the S-parameter from RT to 673 K. As discussed previously, 473 K 

is the defect annealing stage at which some of the vacancies or clusters not stabilized by 
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helium are getting annealed out. The temperature 673 K is the bubble nucleation stage, and 

the increase in S-parameter at 773 K is due to helium bubble growth. The S-W correlation 

plots of the samples are shown in figure 5.20 (b) (Plots of RT irradiated sample is omitted 

due to scattering of data points). As compared to the unirradiated sample, the sample 

irradiated at 473 K deviate from a single straight line fit and shows two linear regions. This is 

because; the near-surface regions in 473 K samples contain HemVn complexes with a 

different m/n ratio as compared to the peak damage regions. Vacancy clustering at the near-

surface regions observed in the previous irradiation studies also supports this. At 673 K, the 

S-W correlation plot shows a single straight line, which shows that a single type of defects 

presented in the sample. Since 673 K is the bubble nucleation stage, where critical HemVn 

nuclei have grown, the linear nature of S-W correlation plot shows that the critical HemVn 

nuclei having similar m/n ratio are distributed throughout the irradiated region. Further 

increase of irradiation temperature to 773 K again shows two linear regions in the S-W 

correlation plot. This is because, during helium bubble growth, those HemVn complexes or 

bubbles at the near-surface regions may de-trap helium easily as compared to the interior. 

Hence, their size or m/n ratio at the near-surface regions will be different from the interior. 

Due to this, two linear regions corresponding to the near-surface and peak damage regions 

are observed in the S-W correlation plot. 

 
Figure 5.20 a) Normalized S-parameter vs. positron beam energy and b) S-W 
correlation plots of INRAFM steel samples pre-injected with helium and then with Fe 
ions at high-temperatures (Plot of RT irradiated sample is omitted from the S-W 
correlation due to scattering of data points). The overall change in S-parameter with 
respect to temperature is shown using a curved line with an arrow in figure (a). 
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Figure 5.21 Normalized S-parameter vs. depth plot of the samples irradiated at high 
temperatures obtained from VEPFIT analysis. Samples with pre-injected helium are 
represented as Fe+He. The sample without pre-injected helium and irradiated at 473 
K is represented as 473 K Fe. (RT irradiated sample data is omitted since it is 
already discussed in section 5.3.2). 

The normalized S-parameter vs. depth plot of samples irradiated at high temperatures 

with pre-injected He (represented as Fe+He), and the sample irradiated at 473 K without pre-

injected He (represented as 473 K Fe) is shown in figure 5.21. Samples irradiated at 473 K 

shows four layers- R1, R2, R3 and an unirradiated layer whereas other samples show only 

three layers. The narrow near-surface layer R1 is absent in 673 and 773 K samples. The 

narrow layer R1 shown by 473 K samples are due to the dip in S-parameter at the near-

surface region. The 473 K Fe+He sample shows a higher S-parameter in the R2 and R3 

regions as compared to the 473 K Fe sample. This is because, the pre-injected He atoms 

stabilize the vacancies produced by Fe irradiation, and prevents them from vacancy-

interstitial recombination or their migration towards sinks. The higher number of surviving 

vacancies (in the form of HemVn complexes) makes the S-parameter of Fe+He sample high as 

compared to the Fe-irradiated sample at 473 K. The width shown by R2 and R3 regions of Fe 

and Fe+He samples are almost similar at 473K. Further increase in irradiation temperature to 

673 K decreases both S-parameter and width of R2 and R3 regions in Fe+He sample due to 
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defect annealing. Helium bubble growth increases the S-parameter of R2 and R3 layers at 

773 K in Fe+He sample. Increase in width of R3 region at 773 K is due to the enhanced 

migration of smaller HemVn clusters or bubbles at higher temperatures. 

5.4. Conclusion  
In this chapter, defect studies in INRAFM steel samples were carried out by 

irradiating with 1.1 MeV Fe ions at i) room temperature to different doses from 0.1 to 100 

dpa followed by isochronal annealing and ii) high-temperatures with and without pre-injected 

helium. The irradiation-induced microstructural changes in room temperature irradiated 

samples were studied using GIXRD, Nanoindentation, and depth-resolved positron Doppler 

broadening spectroscopy. The positron annihilation studies show a non-uniform defect 

distribution in INRAFM steel, which is different from the SRIM predicted damage profile. At 

0.1 dpa dose, the post-irradiation isochronal annealing study showed a stable S-parameter 

region from 673 to 873 K due to the formation of secondary carbide precipitates and 

complete defect recovery observed at 1073 K. At higher irradiation doses (30 to 100 dpa), a 

reduction in vacancy concentration at the peak damage region due to injected-interstitial 

effect is observed in the positron annihilation study. The widening of injected-interstitial 

effect dominating region towards the end of ion range is observed with increase in the dose. 

The GIXRD study shows the presence of tensile micro-strain in both unirradiated and 

irradiated samples. As the irradiation dose is increased, the micro-strain increases due to the 

increase in irradiation-induced defects. The presence of irradiation-induced defects increases 

nanohardness at low doses, whereas the defect recovery due to injected-interstitial effect 

decreases the overall nanohardness of the matrix at higher doses. The defect recovery under 

isochronal annealing in both 1 dpa and 100 dpa irradiated samples were studied, and 

complete defect recovery was observed in both the samples at 673 K, irrespective of the dose.  

High-temperature irradiation studies show a reduction in S-parameter due to the 

annealing of irradiation-induced defects in the absence of pre-injected helium. Complete 

defect recovery is observed at 673 K in the absence of pre-injected helium. Helium stabilizes 

the vacancies against vacancy-interstitial recombination and enhances the growth of bubbles. 

A defect annealing stage at 473 K, bubble nucleation at 673 K and the growth of helium 

bubbles at 773 K is observed with pre-injection of helium followed by high- temperature 

irradiation with Fe ions. The S-W correlation plot indicates the presence of HemVn complexes 

with similar m/n ratio during the bubble nucleation stage at 673 K. 
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Chapter 6 

Summary and future scope 

6.1. Summary of the thesis 
Reduced Activation Ferritic/Martensitic (RAFM) steels have been considered as a 

potential candidate for the structural material of first-wall plasma-facing materials in fusion 

reactors. In the present thesis, irradiation damage studies were carried out on Indian Reduced 

Activation Ferritic/Martensitic (INRAFM) steel, which has been considered as the core 

structural material for Indian Lead-Lithium Ceramic cooled Test Blanket Module (LLCB-

TBM) in International Thermonuclear Experimental Research (ITER) situated in France. In 

fusion reactors, high displacement damage induced by 14 MeV fusion neutrons is associated 

with large amount of hydrogen and helium, which deteriorate the favourable mechanical 

properties and leads to premature failure of core structural materials. Defects and defect-

complexes that are induced in INRAFM steel by irradiation that are relevant to fusion reactor 

first-wall conditions have been studied using positron beam based Doppler broadening 

spectroscopy. 

Nucleation and growth studies of helium bubbles in INRAFM steel has been carried 

out by irradiating the sample with 130 keV helium ions to two different doses; 300 appm 

(low-dose) and 5600 appm (high-dose). Positron annihilation studies observed three distinct 

stages of annealing corresponding to defect annealing, bubble nucleation, and bubble growth. 

Both the doses showed similar behaviour in S-parameter variations in the defect annealing 

and bubble nucleation stage. The bubble nucleation stage shows similar S-parameter for both 

the samples irrespective of the irradiation dose. This shows that during the nucleation stage, 

irrespective of the irradiation dose, the nucleated helium-vacancy embryos are having similar 

size or helium/vacancy ratio. An increase in S-parameter due to helium bubble growth is 

observed in high-dose sample at 773 K whereas in low-dose sample at 973 K. TEM study on 

high-dose sample shows the presence of helium bubbles having an average size of ~ 1.4 nm 

at 773 K. 

Thermal stability of hydrogen-associated defects and the interaction of hydrogen with 

helium-vacancy complexes is yet another concern in fusion first-wall materials. In order to 

study this, individual and sequential irradiations with hydrogen and helium ions have been 

performed on INRAFM steel samples. As compared to helium-vacancy complexes, the 

hydrogen-vacancy complexes are thermally unstable and dissociate at lower temperatures. 
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Complete recovery from hydrogen-induced defects was observed at 673 K. Even though 

similar displacement damage is present in both the sequential irradiated samples, the S-

parameter values vary based on the sequence of irradiation. The sample irradiated with 

helium first and then with hydrogen shows a lower S-parameter as compared to the other one. 

Interaction of hydrogen with already existing helium-vacancy complexes and the formation 

of hydrogen-helium-vacancy complexes is one of the possibilities to explain for such a 

variation in S-parameter. However, the presence of hydrogen does not seem to influence 

helium bubble growth in the present study. 

In order to simulate the high displacement damage induced by 14 MeV fusion 

neutrons, INRAFM steel samples were irradiated with 1.1 MeV Fe ions at doses, 

temperatures and He/dpa ratio equivalent to fusion first-wall conditions. Samples irradiated at 

room temperature shows a reduction in S-parameter at the peak damage region due to the 

enhanced recombination of vacancies and interstitials due to injected-interstitial effect with 

doses from 30 to 100 dpa. The injected-interstitial effect is an artefact of ion irradiation, 

which leads to a reduction in void swelling at the peak damage region. The defect recovery 

due to injected interstitial-effect increases the coherent-domain size in GIXRD measurements 

and reduces the nanohardness. A dose dependency on the annealing of irradiation-induced 

defects has also been observed in the samples. Sample irradiated to a dose of 0.1 dpa shows a 

delayed defect-recovery (at 1073 k) due to the formation and coarsening of additional carbide 

precipitates around the tempering temperature.  Whereas the samples irradiated at 1 and 100 

dpa shows complete defect recovery at 673 K. High-temperature irradiation studies shows 

that, in the absence of pre-injected helium, all the irradiation-induced defects are getting 

annealed out, and complete defect recovery is observed at 673 K. Presence of pre-injected 

helium stabilizes the vacancies and promotes the growth of helium bubbles during high-

temperature irradiation. An increase in S-parameter due to helium bubble growth is observed 

at 773 K. 

6.2. Future scope 
Positron annihilation lifetime spectroscopy can provide more quantitative information 

on the nature and relative concentration of defect complexes associated with helium and 

hydrogen irradiation. Nature of defects present in different stages of annealing, 

helium/vacancy ratio of the critical nuclei formed during the nucleation stage, size of the 

bubbles formed during the growth stage etc. can be obtained from positron lifetime studies. 
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Hence, it is planned to carry out high energy alpha-particle irradiation on INRAFM steel, 

followed by an isochronal annealing study using positron annihilation spectroscopy. 

In order to simulate exact fusion reactor first-wall conditions, a simultaneous dual- 

beam irradiation study with both helium and Fe ions is proposed. A simultaneous triple beam 

irradiation study using hydrogen, helium and Fe ions at fusion relevant irradiation conditions 

is also prospective investigation. 

Another potential area to be probed is the irradiation-induced segregation of alloying 

elements and precipitate evolution in INRAFM steel. Since some of the carbide precipitates 

present in the matrix play a crucial role in high-temperature mechanical properties of the 

material, their tolerance against radiation damage is a matter of concern. The irradiation-

induced modifications of already existing precipitates and the interaction of defects with 

precipitates need detailed investigation. Hence, a detailed study on the irradiated INRAFM 

steel samples using high-resolution transmission electron microscopy and atom probe 

tomography will also shed much light on this important aspect of precipitate-defect 

interactions. 
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ABSTRACT 

Reduced Activation Ferritic/Martensitic (RAFM) steels have been considered as a 

promising candidate for the first-wall structural materials of fusion reactors due to their low-

induced radioactivity and exceptional resistance against irradiation damage. Indian Reduced 

Activation Ferritic/ Martensitic (INRAFM) steel has been developed in India as a proposed 

candidate for the structural material of Indian Lead-Lithium Ceramic Breeder Test Blanket 

Module (LLCB-TBM) in International Thermonuclear Experimental Research (ITER) 

situated in France. Severe displacement damage of the order of 20-30 dpa/year is introduced 

into the first-wall materials by 14 MeV fusion neutrons. Apart from this, large amount of 

hydrogen and helium at the rate of 40-50 appm H/dpa and 10-15 appm He/dpa have also been 

introduced by nuclear transmutation reactions and fusion plasma. Helium promotes the 

growth of voids by stabilizing the irradiation-induced vacancies, which leads to void swelling 

and premature failure of the material. In fusion reactors, hydrogen interacts with helium-

vacancy complexes and promotes void swelling. Synergistic effect of irradiation-induced 

vacancies, hydrogen and helium, is having detrimental effects on the first-wall materials of 

fusion reactors. Investigation of defects and defect-complexes induced by helium and 

hydrogen irradiation, helium bubble nucleation and growth, thermal stability of hydrogen 

associated defects, interaction of hydrogen with helium-vacancy complexes and its influence 

in promoting helium bubble growth are the prime focus of this thesis. Positron beam based 

Doppler broadening spectroscopy has been used as a major technique to carry out the study 

of depth profiling of irradiation-induced defects. 

In order to study the dependence of the nucleation and growth of helium bubbles on 

irradiation dose, INRAFM samples were irradiated with two different helium doses of 5600 

appm (high-dose) and 300 appm (low-dose). Isochronal annealing study of helium irradiated 

samples show three different S-parameter regions corresponding to defect annealing, bubble 

nucleation, and bubble growth stages. The defect annealing stage is associated with a 

reduction in S-parameter due to the increase in helium/vacancy ratio associated with the 

formation of HemVn complexes. The bubble nucleation stage shows similar S-parameter 

values, irrespective of the irradiation dose, which is due to the presence of HemVn embryos 

having similar m/n ratio. Helium bubble growth is associated with an increase in S-parameter 

at 773 K in high-dose sample, whereas at 973 K in low-dose sample. The delayed bubble 

growth in low-dose sample is due to lesser number of helium and vacancies available for 
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bubble growth. TEM study showed the presence of helium bubbles having size around 1.4 

nm at 773 K in high-dose sample. 

Formation of hydrogen-helium-vacancy complexes has been studied by performing 

individual and sequential irradiations with hydrogen and helium ions on INRAFM samples. 

The hydrogen irradiated sample showed an increase in S-parameter from RT to 373 K due to 

the release of hydrogen from HmVn complexes having high hydrogen to vacancy ratio. 

Complete defect-recovery is observed in hydrogen irradiated sample at 673 K. Even though 

both sequential irradiated samples contain an equal amount of displacement damage (dpa), 

the S-parameter showed a dependency on the sequence of ion irradiation. A reduced S-

parameter is observed in the sample irradiated with helium first and then with hydrogen, 

which may be due to the formation of hydrogen-helium-vacancy complexes. However, the 

isochronal annealing study does not show any influence of hydrogen in the growth of helium 

bubbles. Helium bubble growth occurred in all helium containing samples at 773 K. 

Vacancy-type defects induced by irradiation, their thermal stability and the influence 

of helium at irradiation conditions relevant to first-wall of fusion reactor have been studied 

using Fe heavy ion irradiation. A dependency of irradiation dose on the depth-wise 

distribution of defects and their thermal stability has been observed. INRAFM sample 

irradiated to a very low dose (0.1 dpa) showed a reduction in S-parameter from RT to 673 K, 

followed by a stable region from 673 to 873 K associated with the nucleation and coarsening 

of additional carbide precipitates, and complete defect-recovery at 1073 K. The samples 

irradiated at 1dpa shows a higher S-parameter in the near-surface region due to vacancy 

clustering, on the other hand, a reduction in S-parameter at the peak-damage region due to 

injected-interstitial effect is observed in samples irradiated at 30, 70 and 100 dpa. VEPFIT 

code based analysis showed an increase in width of the region influenced by injected-

interstitial effect with an increase in irradiation dose. Complete defect recovery is observed in 

1 and 100 dpa sample at 673 K. High-temperature irradiation at 70 dpa without pre-injected 

helium showed the annealing of defects, and no growth of higher-order vacancy-type defects 

or voids. The sample pre-injected with 700 appm helium followed by high-temperature 

irradiation at 70 dpa showed the growth of helium bubbles at 773 K.  
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