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Abstract 

 

Recent developments in the synthesis of MAX phases have successfully introduced 

phases incorporating zirconium. These materials have been nominated for applications 

that experience high temperatures and irradiation damage. In this work, two newly 

synthesised zirconium-based MAX phases were investigated for their irradiation 

tolerance using high energy heavy ions at a variety of temperatures. The response of 

these materials to irradiation has been studied using scanning electron microscopy, 

transmission electron microscopy and X-ray diffraction. 

 

Zr2AlC MAX phase-based ceramic material with 33 wt.% ZrC has been irradiated with 

22 MeV Au7+ ions between room  temperature and 600oC, achieving a maximum 

nominal midrange dose of 3.5 displacements per atom. Under room temperature 

irradiation, the ions caused a partial amorphisation of the MAX phase. At high 

temperatures, irradiated Zr2AlC remained crystalline, but developed an increased 

density of dislocations and stacking faults in the (0001) basal planes. The irradiated 

material also exhibited a temperature-dependent microcracking phenomenon similar 

to that previously reported in other MAX phase materials.  

 

Zr3(Al0.9Si0.1)C2 MAX phase-based ceramic with 22% wt. ZrC and 10% wt. Zr5Si3 has 

been irradiated with 52 MeV I9+ ions at room temperature, achieving a maximum 

nominal midrange dose of 8.5 displacements per atom. Post-irradiation examination 

of the material revealed a number of crystalline changes to the MAX phase. At low 

doses, Zr3(Al0.9Si0.1)C2 maintained a high degree of crystallinity, while at the highest 

doses, the degree of crystallinity was greatly reduced. A number of radiation-induced 

phase transformations were observed, including the decomposition of Zr3(Al0.9Si0.1)C2  

into ZrC and other phases, and the formation of 𝛽-Zr3(Al,Si)C2, a phase with a 

rearranged stacking sequence. Microstructural examination revealed that the majority 

of the extended defects in Zr3(Al0.9Si0.1)C2 lie in the basal planes. There was a poor 

damage recovery upon annealing the irradiated material to 300°C and 600°C.  
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1. Introduction 
 
 
1.1 Background and motivation 
 

The exploration of novel materials for nuclear applications is of growing significance 

as we strive to improve the safety, economics, sustainability and the effective lifetimes 

of nuclear reactors. Conditions for materials in nuclear reactors are extreme: materials 

need to endure high temperature, pressure, radiation and chemical reactivity, all of 

which limit their lifetime. Materials that are considered for reactor components are 

those with suitable mechanical strength, ductility, toughness, dimensional stability, 

machinability, cost, availability, heat transfer properties as well as neutron absorption 

characteristics, susceptibility to induced reactivity, radiation damage tolerance and ease 

of reprocessing after use. It is clear that materials used in nuclear environments need 

to withstand very hostile conditions. Furthermore, future nuclear technologies will 

have even harsher reactor conditions, such as materials to be implemented in liquid 

metal coolant reactors and fusion reactors, making the challenge even more 

demanding. 

 

Uranium in the fuel of a nuclear reactor captures a neutron to undergo fission. During 

this reaction, its nucleus becomes unstable and it disintegrates into fission products, 

neutrons, and thermal energy. A high number of neutrons interacting with the uranium 

increases the probability of a neutron capture and hence the number of fission events. 

A continuous supply of neutrons is required to sustain a fission chain reaction. A high 

neutron economy is therefore ultimately directly related to the efficiency of a reactor 

in generating thermal energy, and therefore, power. This means that the cladding 

materials which surround the uranium-based fuel (e.g. uranium oxide) should be as 
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neutron transparent as possible, while maintaining adequate mechanical and chemical 

properties. 

 

Zirconium alloys are commonly used as a nuclear fuel cladding material in reactor 

cores [1]. They are manufactured into long tubes (3-4m long) [2], which will then 

contain uranium fuel pellets in the reactor. Bundled together, the tubes are inserted 

into the reactor for fission to occur, remaining in the core for 18 to 24 month refuelling 

cycles [3]. In a Pressurised Water Reactor (PWR), the core environment experiences a 

high neutron flux of around 1012 n/cm2s, a high water temperature of around 300°C, 

high pressures of 160 atm and is subject to chemical attack [2]. The cladding material 

that accommodates the fuel experiences many stresses from this hostile environment. 

Typical displacement damage exposures to the fuel cladding (replaced every ∼5 years) 

are about 15 dpa [2]. Zirconium has excellent mechanical properties, thermal creep 

resistance, and oxidation resistance. It also has a low neutron absorption cross-section, 

making it suitable for use as a cladding material.  

 

The heat generated from nuclear fuel in reactor cores is removed by circulating a 

coolant around the hot fuel cladding. In Boiling Water Reactors (BWRs) and PWRs 

this coolant is typically water. The heat removed is eventually used to generate 

electricity. However, in some extreme conditions as such as in accident scenarios, 

zirconium cladding can be problematic. As the name implies, a Loss of Coolant 

Accident (LOCA), is a mode of failure in a nuclear reactor in which the heat generated 

internally in the core is not extracted due to the loss of the coolant. LOCAs can occur 

due to system failures or obstruction, which prevents the circulation of the coolant 

into the reactor core. Usually in this scenario, power stations have a backup coolant 

system called the Emergency Core Cooling System (ECCS) to mitigate the problem 

and shutdown is usually considered. The decay heat can continue to increase even after 

reactor shutdown. Failure to extract this heat can cause the coolant to evaporate, 

consequently exposing the cladding material to an aggressive steam environment. At 

these high temperatures, the steam can react with the zirconium cladding leading to 

hydrogen gas build-up. This can result in an explosion, such as the one which occurred 
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during the Fukushima accident in 2011 [4], exposing the core and discharging 

radioactive matter.  

 

One pragmatic solution to make nuclear reactors safer during a LOCA is to alter the 

cladding material. Suggestions for potential alternative materials to zirconium and its 

alloys are zirconium carbide [5], silicon carbide [6] and more recently, layered 

zirconium carbide MAX phases. MAX phase ceramics are a relatively new class of 

ceramic materials also referred to as nano-lamellar ceramics: the name comes from 

their crystal structure as observed at the nano-scale, where planes of strong covalent 

bonds and planes of weaker metallic bonds are observed in succession. Due to these 

distinct covalent and metallic bonds, these ceramic materials have unique properties 

reflecting aspects of both metals and ceramics. They generally have good electrical and 

thermal conductivity, good thermal diffusivity and are oxidation resistant [7]. Their 

properties have made them attractive to materials scientists seeking to replace current 

materials used for high temperature applications [7]. Synthesised with zirconium, these 

hexagonal layered structures can also demonstrate low neutron absorption properties, 

which make these materials attractive for use in radiation intense environments. As a 

result, they will suffer large numbers of atomic displacements and yet will be required 

to resist corrosion and provide longer lifetimes than current materials. 

 

Interest in MAX phases as cladding materials led to the formation of the United 

Kingdom Carbides for Future Fission Environments consortium (CAFFE) in 2015; a 

research consortium that aimed to develop zirconium carbide ceramic materials for 

potential applications in advanced nuclear reactor systems. This consortium aims to 

screen these novel materials for the very first time in order to establish their suitability 

in nuclear environments. One major concern with these intermetallic materials is their 

ability to withstand high levels of crystal damage. Therefore, the need to establish their 

irradiation resistance is necessary. 

 

There are two common techniques used to screen materials for their irradiation 

tolerance for nuclear applications. The most ideal test environment for a nuclear 

reactor material is the reactor itself, where real reactor conditions are met, such as 
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neutron irradiation, oxidation environments and high temperatures [2]. However, this 

can be expensive and time consuming. Firstly, knowledge of material must be well 

established, so that it is safe to introduce into a nuclear reactor core. However, 

depending on the elements present within the phase, it may take months before the 

irradiated material is able to cool down to safe background radiation levels. Therefore, 

such material cannot be handled in a university laboratory with ease. A swifter way to 

investigate irradiation damage is through the use of ion accelerators to introduce crystal 

damage in materials. Ion irradiation is systematically used to investigate radiation 

tolerances of materials. Because ions do not activate the atoms in a material, the 

material does not become radioactive. Therefore, materials can be handled almost 

immediately after irradiation. Although the effects of ions are different from those of 

neutrons, ion irradiation can give a good indication of the response of a material to 

high levels of crystal damage. Ion irradiation is typically one of the first steps in 

screening materials for nuclear applications. Once the potential of a material for use in 

a nuclear reactor has been established, neutron irradiation experiments can then be 

conducted for further investigation. The use of ion irradiation for irradiation damage 

studies is further explained in the following sections. 

 

 

1.2 Neutronic properties of materials 

 

Neutronic properties are a major consideration in the selection of materials for the use 

in nuclear reactors. The neutron economy in a fission reactor plays a significant factor 

in its operation; the fission chain reaction is sustained by a continued supply of 

neutrons released from the fuel. Thus, the cladding material that accommodates the 

fuel should be as neutron transparent as possible in order to maximise fission events. 

Different elements have different neutron absorption properties. The likelihood of a 

neutron interacting with a nucleus is commonly referred to as the neutron absorption 

cross-section of an element. The calculated effective neutron absorption cross-sections 

of a number of elements compared to that of zirconium, taking into account the yield 

strength of the elements, are compared in Table 1. The unit for macroscopic cross 

section for thermal neutrons is barns, one barn equals to 10-28 m2 (10-24 cm2) and 
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roughly corresponds to the section of a middle size nucleus.  Beryllium has superior 

strength and a lower absorption cross section than zirconium and has been considered 

as a nuclear cladding material. However, its relative lack of ductility and its radiation-

induced embrittlement together mean that it has a limited capability. On the other 

hand, magnesium and its alloys have been used as cladding, but their creep and 

oxidation resistance at temperatures above 500oC are poor and they are highly 

susceptible to corrosion in water environments. Likewise, due to its unsatisfactory 

strength and low melting temperature, aluminium as a cladding material will limit the 

operating temperature of the reactors [8]. 

 

Table 1. Calculated effective neutron absorption cross section (neutron absorption cross section 
per unit of yield strength) for pure elements in comparison with Zr [8]. 
 

Element Ultimate 
Tensile 

Strength UTS  
(MPa) 

Macroscopic cross 
section for thermal 
neutrons (barns) 

Neutron absorption 
cross section per unit 

of yield strength 
(scaled to Zr) 

Beryllium 200-350 0.009 0.04 
Carbon 24-28 0.004 0.2 

Magnesium 65-100 0.063 1 
Silicon 165-180 0.16 1 

Zirconium 135-310 0.185 1 
Aluminium 30-40 0.231 8 

Molybdenum 170-350 2.48 10 
Chromium 185-280 3.05 15 
Niobium 75-95 1.15 15 

Iron 110-165 2.55 20 
Nickel 80-280 4.43 30 

Titanium 240 6.09 30 
Vanadium 125-180 5.04 40 

 

 

1.3 Irradiation effects in materials 

 

Radiation damage in reactor materials is mainly as a result of neutron bombardment 

[2]. Fast neutrons with the kinetic energies in the order of 1 MeV constitute the 

majority of radiation, and they are responsible for a substantial degree of the damage 
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effects observed. However, neutrons with lower thermal energies of the order of 0.025 

eV can also induce damage effects on reactor materials. Irradiation-induced atomistic 

changes can cause pronounced effects on the physical state of a material. Adverse 

effects of nuclear reactor environments on materials include thermal creep and 

softening of the fuel cladding [9], embrittlement of structural components, enhanced 

corrosion of cladding [10], dissociation of the chemical elements of the material and 

consequent activation of the coolant, phase separation, fuel-cladding interaction and 

fission gas release [2,11].   

  

The primary radiation damage event is displacement of one or more atom species and 

the consequent formation of a Frenkel (vacancy-interstitial) pair [12]. The 

displacement may occur ballistically, by the transfer of kinetic energy from an incident 

projectile (e.g. an ion), or radiolytically by the conversion of radiation-induced 

electronic excitations into an atom motion [12]. A damage event arises when energy is 

transferred from a particle to the atoms of a solid. A number of steps can  explain the 

damage which occurs [13]: 

 

§ Energy is transferred from the highly energetic incident particle to the lattice 

atoms, creating a Primary Knock-on Atom (PKA). 

§ The PKA is distorted from its position in the lattice and consequently forms other 

displaced atoms. 

§ A cascade of these events leads to the formation of single interstitials and vacancies 

and ultimately clusters of defects. 

 

The interaction of particles with materials can affect the normal arrangement of the 

atoms within a material. The type of damage is dependent on the nature of the 

interaction between the incident particle and the target atoms. Factors such as 

incidence particle energy, size, charge, but also the strength of bonds of the target 

atoms, the capacity of a material to accommodate defects, temperature, grain size, 

intrinsic defects, and so on all help to determine the radiation tolerance of a particular 

material.  
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For instance, ions are charged and interact with the electron cloud of the atoms within 

a material, whereas neutrons are not charged, and therefore can travel further through 

a material. Neutrons interact with materials in two different ways, via  scattering 

processes and via absorption processes. Neutrons generally interact with a material  

weakly relative to other radiation types, as they are not charged and are much smaller. 

They can collide elastically with materials, causing displacement damage and collide 

inelastically with nuclei in the material leading to the creation of a PKA. On the other 

hand, energetic ions lose energy via electronic excitation as well as elastic collisions 

while traversing through the material. The additional energy loss by electronic 

excitation results in a decreased range in materials. The displacement damage 

effectiveness of various energetic particles in nickel is shown in Fig. 1. Compared to a 

neutron, for an identical energy, ions deposit their energy over a shorter distance, thus 

resulting in higher damage rates [13]. 

 
Fig. 1. Displacement-damage effectiveness for various energetic particles in nickel [13]. 
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Although the effects of ions are different from those of neutrons [13,14], the response 

of a material to ion irradiation can give a good indication of its response to high levels 

of crystal damage which might arise over years in a nuclear reactor. As Was notes ([13], 

Ch. 11), radiation damage experiments using ion irradiation allow for easy variation of 

irradiation parameters to investigate the basic damage processes in materials, and as 

Linga Murty and Charit observe ([14], p. 267), most radiation effects are universal in 

nature, regardless of the type of radiation. Consequently, the response to ion 

irradiation is typically one of the first steps in selecting materials for nuclear 

applications. Neutron irradiation experiments can then be conducted for further 

investigation of materials which pass this initial selection process. 

 
 

In this context, it is relevant to appreciate that radiation damage behaviour in ceramics 

exposed to a relatively high dpa level can differ significantly from that seen in metallic 

materials [12]. For low dpa irradiation in ceramics, radiation damage can recover as in 

metals through Stages I-V described originally by van Bueren from work undertaken 

on electrical resistivity measurements in plastically deformed metals [15,16].These five 

stages involve processes such as self-interstitial cluster formation and migration, 

vacancy cluster formation, vacancy migration and vacancy annihilation at interstitial 

loops ([13], Section 5.9). However, for dpa values > 1 dpa, ceramics can respond to 

irradiation by adopting a more uniformly defective state than occurs in metals [12]. At 

such values of dpa, phenomena such as swelling and compaction can occur, and also 

the loss of long-range periodic order, i.e., amorphisation [12]. In a review of the way 

in which complex non-metallic materials behave in response to radiation damage, 

Trachenko has suggested that the resistance to amorphisation is defined by the 

competition between the short-range covalent and long-range ionic forces in these 

materials [17]. In this respect, covalently bonded ceramics are more prone to 

amorphisation than ionically bonded ceramics. Thus, for example SiC is readily 

amorphisable by radiation damage, whereas Si3N4 is highly resistant to amorphisation 

because of the high electronegativity of N in comparison with C [17]. 
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Possible effects that result following ion irradiation are the creation of interstitials, i.e. 

atoms that occupy sites in a crystal lattice which are usually unoccupied, and vacancies, 

i.e. empty atomic positions that normally occupied by atoms. A build-up of these 

defects can lead to the formation of extended defect and defect clusters, such as 

dislocations, stacking faults, or even amorphisation. Vacancy agglomeration can lead 

to the formation of voids within a crystal. Other effects that can arise include electron 

distortions, voids, bubbles, extended defects, and precipitates. A build-up of 

concentrated regions of defects can lead to the rise of lattice strain, which eventually 

leads to structural failure of the material. Ion irradiation may also induce surface 

modifications to materials, including surface roughening, smoothing, etching, 

sputtering as well as surface chemical instability.  

 

Defects diffuse differently at different temperatures. At lower temperatures, defect 

mobility is low, and defects do not diffuse to any great extent. Prolonged irradiation  

may result in defect accumulation which eventually leads to amorphisation. At higher 

temperatures, defect mobility is comparatively higher, and defects diffuse relatively 

quickly, easing into low energy zones, such as sinks, e.g. near the grain boundaries, or 

forming extended defects. Defects may even annihilate completely or accumulate into 

interstitial loops or vacancy voids. A large build-up of these defects can consequently 

lead to swelling. The accumulation of defects and hence the properties of the material, 

are generally proportional to the irradiation flux and time. 

 

 

1.4 Aims and objectives 

 

The aim of this thesis was to investigate the response of novel zirconium-based MAX 

phase ceramics to irradiation damage. This has been achieved by high energy heavy 

ion irradiation of Zr-MAX phase material at various temperatures and irradiation 

doses. The irradiated material was then characterised by advanced small-scale electron 

microscopy techniques. This work is reported in three distinct parts: chapter 4 reports 

on the pre-irradiation characterisation results of Zr2AlC and Zr3(Al0.9,Si0.1)C2 MAX 

phase, chapter 5 reports on the response of Zr2AlC MAX phase material to 22 MeV 
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Au7+ irradiation at room temperature, 300oC and 600oC and chapter 6 reports on the 

response of Zr3(Al,Si)C2 MAX phase material to high energy 52 MeV I9+ radiation 

investigated at room temperature. 
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2. Literature review 

 

 
2.1 MAX phases 

 

This chapter begins with an introduction to the crystal structure of MAX phases, their 

properties and their potential applications. The neutronic properties of materials are 

then discussed, along with the motivation for investigating Zr-based materials for 

potential applications in nuclear environments. This is followed by an introduction to 

the effects of irradiation on materials, and then a critical review of the relevant 

literature on irradiation experiments conducted on MAX phases to date. 

 

 

2.1.1 Crystal structure and bonding 

 

MAX phases are layered hexagonal carbides or nitrides with the general formula 

Mn+1AXn, (MAX) where M corresponds to an early transition metal, A to the A-group 

elements, X is either carbon or nitrogen and n is an integer, commonly equal to 1, 2 

or 3 [18,19]. They are typically referred to as 211 (M2A1X1), 312 (M3A1X2) and 413 

(M4A1X3) type phases. The elemental building blocks of the phases are marked in the 

periodic table in Fig. 2, where M, A, and X are in red, blue and black respectively. 
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Fig. 2. Periodic table illustrating the building blocks of the MAX phases known to date. 
 

The attractive properties of MAX phases have generated engineering interest in recent 

years, and over 60 MAX phases have now been discovered [18]. Most of the MAX 

phases are 211, 312 and 413 type phases, although phases with a higher ‘n’ integers do 

exist [20,21]. The crystal structures of the three most common phases are shown in 

Fig. 3 [22]. MAX phases have a hexagonal crystal structure and belong to the space 

group P63/mmc. One X atom is bonded to 6 M atoms forming an M6X octahedron, 

with X-atoms filling in the octahedral sites between the M atoms [23]. The octahedra 

alternate with layers of pure A elements located at the centres of trigonal prisms. The 

difference in the crystal structures of these phases is the number of M layers stacked 

by every A plane. The 211-type phases have two M layers stacked by every A plane, 

whereas the 312-type phases have three M layers stacked by every A plane, and so 

forth.  

 

Their crystal structure is formed from strongly bonded M-X layers between layers of 

monoatomic A group elements. The M-A bonds are metallic and are relatively weaker 

than the covalent M-X bonds. These M-X bonds are responsible for the high elastic 

stiffness of MAX phases, while the M-A metallic bonding gives electrical and thermal 

conductivity properties. It is the combination of these bonds that give the MAX phases 

their unique metallic-ceramic properties. Thermally, elastically and electrically, MAX 

phases combine the properties of metals and those of ceramics [24]. Like metals they 

are electrically and thermally conducting, machinable (e.g. they can be cut with a 

manual hacksaw), resistant to physical and thermal shock and exhibit plastic 
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deformation at high temperatures. Like ceramics they are relatively light, have a high 

Young’s modulus, and have a thermal expansion similar to ceramics [24]. 

 

 
Fig. 3. The crystal structures of the most common MAX phase types, showing M, A and X in red, 
blue and black respectively [22]. 
 

2.1.2 Mechanical and thermal properties 

 

Generally, most MAX phases are elastically stiff [22]. At ambient temperatures their 

Young and shear moduli lie in the ranges of 178-362 GPa and 80-142 GPa respectively 

[25]. Under applied mechanical stress parallel to the basal planes of the layered 

carbides, deformation occurs by both delamination of the individual grains and kink-

band formation. The kink band mechanism as described by Hess and Barrett is shown 

in the schematic in Fig. 4 [25]. It shows the development of the kink by the gliding of 

the laminae; this is followed by an abrupt snapping at a tilted position. Edge 

dislocations form the boundaries of the kinked region; these dislocation walls hinder 

further crack growth upon external stresses. Kink band deformation has been used to 

describe deformation mechanisms of several materials and structures such as highly 

constrained rocks [26], oriented organic crystals [27], graphite fibres [28], and wood 

[29]. Among mica and graphite, the MAX Phases are classified as Kinking Non-linear 

Elastic (KNE) solids, a class of materials described as deforming non-linearly but fully 

reversibly (i.e. elastically by the formation of dislocation kink bands). KNE materials 



Chapter 2  Literature review  

 14 

 
 

are those with hexagonal crystals, plastic anisotropy and a high c/a ratio [30]. 

Deformation by kinking is expected for hexagonal materials with a c/a ratio greater 

than 1.732 [31]. The KNE behaviour of MAX phases is determined by multiple factors 

but is strongly influenced by grain size and porosity [32–34].  

 
Fig. 4. A schematic of kink band formation showing the initiation of pairs of dislocations in areas 
of maximum shear and kink band and kink boundaries (after[25]). 
 

This special mechanism gives MAX phases their exceptional mechanical damage 

tolerance. An SEM micrograph of kink bands and the delamination of layers on Ti3SiC2 

is shown in Fig. 5 [35]. 

 

 
Fig. 5. BSE SEM micrograph of kink band formation and the delamination of layers between pores 
[35]. 
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At 320 GPa, the stiffness of Ti3SiC2 has three times the stiffness of Ti metal with a 

similar density of 4.5g/cm3 [36]. Ti3SiC2 and Ti2AlC are also elastically stiff, but 

additionally, they can dissipate up to a quarter of their mechanical energy when 

compressed [37]. This is due to their non-linear, hysteretic, elastic behaviour, which is 

unusual for elastically stiff materials. Cyclic loading under compression and tension 

has shown to result in spontaneous reversible hysteretic loops [18,34].  

 

Some of the MAX phases are refractory and can be considered for high temperature 

applications. At low temperatures the MAX phases are generally good thermal 

conductors, some even better conductors than their corresponding transition 

metals[22]. Like ceramics they retrain their strength at high temperatures [38,39] but, 

unlike ceramics, they do not shatter after quenching.  

 

 

2.1.3 Oxidation resistance 

 

If used in oxygen-rich and high-temperature environments, MAX phases will be 

required to have excellent anti-oxidation behaviour. Fu et al. [40] and Sundberg et al. 

[41] investigated the oxidation and corrosion behaviour of Ti2AlC phases, and 

indicated that the films had superior anti-oxidation and anti-corrosion properties 

compared to those of amorphous Ti−Al−C materials. Their high oxidation resistance 

was shown to be associated with a thick Al2O3 layer which formed on the surface of 

Ti2AlC, shown in the SEM micrograph in Fig. 6. 
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Fig. 6. Back-scattered electron micrograph of Ti2AlC showing the Al2O3 layer [41]. 
 

Ultimately, the oxidation resistance of MAX phases is subject to the nature of the 

oxide layers formed on their surface. This is dependent on the chemistry of the MAX 

phase, and whether or not a protective oxide layer will form. This makes the oxidation 

resistance of new MAX phases difficult to predict. 

 

 

2.1.4 Potential applications 

 

As discussed, MAX phases have various physical, chemical, and mechanical properties 

that make them attractive for a number of extreme environment applications. Potential 

titanium variations of MAX phases have been nominated to be used in jet engine parts,  

as their attractive high thermal conductivities and thermal shock resistance could help 

improve the lives of jet engines [7]. The unique combination of pseudo-metallic 

bonding and high temperature stability of MAX phases make them ideal for 

application in extreme radiation environments such as within future fission and fusion 

systems [42]. For example, MAX phases are being studied as fuel cladding materials in 

nuclear reactors in both bulk form and as coatings [43].  Some proposed applications 

include oxidation-resistant spray-on coating for cladding and piping in fission reactor 

systems. Extensive research has been put into selecting candidates to be considered as 

component materials for future Gen-IV nuclear reactors, a series of advanced nuclear 
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reactor designs. Currently being researched for future commercial applications, Gen-

IV materials need to have much better properties than current materials: they must be 

highly refractory, have excellent thermal conductivities, superior resistance to fast-

neutron radiation damage, exceptional stability against thermal and irradiation creep, 

and high oxidation resistances. Zirconium carbide is one of the materials being 

considered. Materials are also required for future fusion technologies, such as in the 

International Thermonuclear Experimental Reactor (ITER) programme, which is the 

next step in nuclear fusion energy production. These reactors will employ high 

magnetic fields in the tokomak to confine plasma, which accommodates fusion 

reactions. The majority of the energy dissipated from the reaction is through neutrons, 

which are absorbed by the surrounding walls of the tokomak, transferring it as thermal 

energy. Materials within the core will experience operating temperatures exceeding 

1300oC and high neutron fluxes [44]. 

 

 

2.2 Radiation effects in MAX phases 

 

Electronic and nuclear interactions of ions in materials can produce different effects. 

It is important to distinguish between the types, especially when comparing post 

irradiation effects from different ions. The interactions that occur to materials in 

nuclear reactors are mostly elastic or nuclear collisions. These collisions are principally 

created by knock-on atoms from neutrons, and recoils from alpha-decays. To best 

simulate the effects that nuclear reactor materials experience, low energy ion irradiation 

is preferred. Nappé et al. highlighted the difference between nuclear and electronic 

interactions on Ti3SiC2 irradiated with 90 MeV Xe ions at RT. Their results suggest 

that surface layer amorphisation was caused through electronic  interactions, whilst 

grain boundary sputtering was caused due to nuclear interactions [45]. Nappé et al. 

also showed that nuclear collisions cased anisotropic swelling of up to 2.2% in Ti3SiC2 

once irradiated to 4.3 dpa with 4 MeV Au ions at RT [46]. Their results showed that 

the phase was not sensitive to electronic interactions, where most of the damage in the 

phase was caused by nuclear interactions. Both of these experiments highlight that 

nuclear collisions caused most of the amorphisation, however their latter work suggest 
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that nuclear collisions also caused lattice parameter swelling rather than electronic 

interactions. 

 

Since the potential of MAX phases in irradiation-intense environments was 

recognised, many recent studies have been conducted on the irradiation resistance of 

MAX phases. The majority of these  irradiation studies have been almost exclusively 

undertaken on phases incorporating Ti-(Al/Si)-C irradiated with heavy ions. Liu et al. 

[47] irradiated Ti3(Si0.9Al0.1)C2  with both 74 MeV Kr20+and with 92 MeV Xe23+ ions at 

room temperature (RT), 300°C and 500°C. XRD analysis revealed a number of 

modifications to their material, shown in the profiles in Fig. 6. and Fig. 7. At the lowest 

dose of 1 ×	1013 ions/cm2,they observed a slight change in peak positions but the XRD 

reflections remained intense and sharp, suggesting that the material was highly 

crystalline. A change in peak positions is usually associated with changes in lattice 

parameters, while peak breadth and intensity is associated with lattice crystallinity and 

strain. At 5 ×	1013 ions/cm2 the intensity of the reflections decreased, and the peaks 

broadened; this trend is followed through all their irradiation doses up to 2 ×	1015 

ions/cm2 . At the highest dose, the intensity of most of the peaks was diminished, and 

a large background hump appeared. This broad hump is representative of disordered 

material. At 300°C their material responded very differently. Even at the highest dose 

the material remained relatively crystalline, XRD reflections corresponding to the 

MAX phase were intense, but the peaks were broad, suggesting that there was a build-

up of microstrain as a result of defect agglomeration in particular lattice planes. At 

500°C conditions the XRD reflections were sharp and intense, and the microstructure 

was only moderately modified, suggesting that the thermal energy available was 

sufficient to annihilate the defects created by the ion beam. 
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Fig. 7 XRD patterns of Ti3(Si0.9Al0.1)C2 irradiated at various doses with Xe23+ ions at RT [47]. 
 

Liu et al. [47] also observed a systematic shift of the (008), (006) and (109) peaks. 

Importantly, they observed a change in relative intensities of the (102) and (103) peaks, 

which increased relative to the (101) peak, especially at the highest dose. The changes 

in relative intensity were correlated with intensity changes anticipated with a phase 

transformation from 𝛼-M3AX2 to 𝛽-M3AX2, which was thought to develop as a result 

of irradiation. This irradiation-induced transformed phase shares the same space group 

P63/mmc, but the A element occupies the 2d Wyckoff position rather than the 2b 

position [48]. Rietveld refinements also showed an increase in the c lattice parameter 

and the appearance of micro-strains within 𝛼-Ti3Si0.9Al0.1C2. Huang et al. [49] also 

observed a similar irradiation-induced transformation on both Ti3SiC2 and Ti3AlC2, 

where they observed a similar trend in relative intensity changes. They reported that 

this would have potential for irradiation-intense environments that operated above 

500°C. However, the suitability of this phase as a structural material in a nuclear reactor 

may be questionable if the phase is unable to withstand high doses of irradiation at RT 

conditions. There remains uncertainty in the reported Rietveld refinements carried out 

in this study, as irradiation at high doses introduces a number of complications in the 

XRD profile, e.g. a high background, modifications to crystallite size, lattice strain, 

amorphous material, disordered material, phase transitions, reflections of existing and 

new phases that lie below the background noise (i.e. the profiles shown in Fig. 7 and 
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Fig. 8). All of these modifications make the Rietveld refinement difficult to achieve, so 

that the reliability of the results is poor, particularly from profiles obtained from the 

highest doses.  

 
Fig. 8. XRD patterns of Ti3(Si0.9Al0.1)C2  irradiated to  1	 × 10!"ions/cm# at various temperatures 
with Xe23+ ions [47]. 
 

Le Flem et al. [48] also investigated the microstructure of Ti3(Al,Si)C2 before and after 

irradiation using 92 MeV Xe23+ ions up to 6.67 displacements per atom (dpa). The 

stoichiometry of the (Al,Si) component in Ti3(Al,Si)C2 is not specified, suggesting that 

the phase compromises of a variety of Al:Si proportions. This material contained three 

other phases in smaller quantities: TiSi2, Ti5Si3 and TiC. The general microstructure is 

shown in the bright field (BF) TEM micrograph in Fig. 9 [48]. The pristine grains are 

approximately 10 × 5 µm in projection and are roughly rectangular in shape in 

projection. In the TEM micrographs, stacking faults that propagate across the entire 

length of the grain are seen. These were characterised as basal stacking faults (i.e. along 

the basal planes, 000l in MAX phases). Grains corresponding to other phases, TiSi2, 

Ti5Si3 and TiC, are also shown. These phases are scattered around the larger MAX 

phase grains. 
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Fig. 9. TEM micrograph showing the pristine microstructure of Ti3(Al,Si)C2. Some intrinsic 
dislocations and stacking faults are visible [48]. 
 

Another significant observation that they made upon irradiating at the midrange doses 

was the formation of small nano-hills on the surface of the material; these are shown 

in the SEM micrograph in Fig. 9 [48]. These hills decorated surface features such as 

grain boundaries and were reported to be more abundant at progressively higher 

irradiation doses. The hills were thought to form as a result of surface oxidation during 

irradiation. However, it should be noted that other factors such as surface 

contamination in the irradiation chamber or even on the sample, may result in impurity 

re-crystallisation during the experiments. Results from their experiments suggest that 

if these MAX phases are to be used in corrosive nuclear environments, not only do 

the MAX phases and their impurities need to be analysed for their irradiation 

tolerances, but the irradiation tolerances of their oxides also need to be well 

understood. 
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Fig. 10. Back-scattered electron micrographs of the sample surface after irradiation of the bulk 
to (a) 5 ×	1015 ions/cm2, (b) 1 ×	1015 ions/cm2 and (c) 2 ×	1015 ions/cm2 [48]. 
 

 
TEM micrographs and Selected Area Diffraction (SAEDs) patterns obtained from the 

irradiation zone at different irradiation doses are shown in the micrograph in Fig. 10 

[48]. It is clear that, along the depth of the sample below the surface, higher doses 

result in greater damage to the MAX phase crystal, as the sharp SAED patterns fade 

out at increasing doses. However, no ring characteristic of diffraction from amorphous 

material is observed in the patterns, which suggests that Ti3(Al,Si)C2 remains mainly 

crystalline. Upon irradiating to 0.02 dpa, no change in the microstructure was detected, 

as would usually be expected from this relatively low dose, and the material remained 

entirely crystalline up until the highest dose of 6.67 dpa. 
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Fig. 2. Cross-section micrograph of ion implantation zone. Zones 1–3 correspond to damage level 
of 1, 3.2, and 6.67 dpa (border line), respectively. The diffraction patterns show the increase in 
disorder along the damage profile, the irradiation direction is parallel to the points connecting 1 
and 4 on the figure [48].  
 

Other MAX phases were shown to have a high endurance up to 25 dpa, with a 

predicted damage level of 100 dpa required to completely amorphise the phases. 

Whittle et al. [42] irradiated Ti3AlC2 and Ti3SiC2 with 1 MeV Kr2+ and 1 MeV Xe2+ ions 

at 50 and 300 K up to 25 dpa in a TEM interfaced with an ion accelerator (in-situ TEM 

irradiation). Both phases contained small amounts of TiC as a secondary phase. The 

stages of irradiation damage were monitored using BF imaging and selected area 

diffraction (SAED) on ion-beam-milled lamellae. At increasing doses, they reported 

Ti3AlC2 to retain crystallinity. No signs of material modification were reported, even 

at the highest doses. However, unlike Ti3AlC2, at the highest dose Ti3SiC2 showed a 

visible halo ring in the diffraction patterns, shown in Fig. 12 [42]. This ring is typical 

of amorphous scatter and is indicative of disordered material within the  Ti3SiC2 matrix. 
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Fig. 12. SAED pattern recorded for (a) Ti3AlC2 after irradiation and (b) Ti3SiC2. Both samples were 
irradiated with 1 MeV Xe2+. The Ti3SiC2 sample shows evidence of an amorphous component with 
a ring from amorphous scatter indicated by the arrow. Both patterns are predominantly along the 
[0001] zone axis [42]. 
 
Some studies have reported surface modifications to the bulk material after irradiation. 

Nappé et al. [45] observed cracking in Ti3SiC2 irradiated with 4 MeV Au ions to 4.3 dpa 

at RT, 500°C and 950°C. This material contained small amounts of TiC and TiSi2. 

They reported that the material swelled anisotropically, which caused the material to 

form microcracks at the grain boundaries. These cracks are shown in the SEM 

micrograph in Fig. 13 [50]. They also showed that defect swelling increased with higher 

doses until a point of saturation, after which little or no swelling was induced as a result 

of irradiation.  Their study shows that this phase does not amorphise even up to the 

highest dose of 4.3 dpa and that no extended defects were observed even at the highest 

temperature. 
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Fig. 13. Back-scattered electron micrograph of the microcrack formation on a sample irradiated at 
room temperature to 4.3 dpa [50]. 
 

However, Zhang et al. [51]  irradiated Ti3SiC2 with 2 MeV I2+ ions between 150°C and 

250°C with damage levels up to 10.3 dpa. They reported that irradiation doses above 

2.8 dpa caused Ti3SiC2 to decompose into TiC. They also suggested that Ti3SiC2  may 

have decomposed  into other phases, but they were unable to identify any due to the 

close proximity of the XRD reflections to reflections from other phases present in the 

material. However, the MAX phase did remain crystalline at all doses, and was shown 

to be resistant to amorphisation. Post irradiation annealing of the material between 

500-800°C resulted in MAX phase recovery. Significantly, following irradiation at the 

highest damage level, the material developed microcracks on its surface. These cracks 

are similar to those reported by Nappé et al. [50] and are also explained in terms of 

high anisotropic swelling of the polycrystalline material. 

 

Bugnet et al. [52] irradiated thin films of Ti3AlC2 deposited on a TiC and Al2O3 

substrate with 150 keV Ar2+ ions up to 1.7 dpa at RT. They showed that the phase 

demonstrated a good amorphisation resistance to irradiation damage. However, the 

phase was shown to lose order along the c axis, thought to form as a consequence of 

an irradiation-induced phase transformation. Observations by TEM showed that the 

Ti6C octahedra layers within the layered structure, like TiC, remained unperturbed after 
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irradiation, but that the layers of Al became highly disordered. This is due to the weaker 

metallic bonds of the ‘A’ atoms relative to the stronger covalent Ti-C bonds. Following 

an annealing experiment, the structure was shown to recover to its near-pristine form 

at temperatures of approximately 600°C.  

 

Yang et al. [53] irradiated Ti3AlC2  with 50 keV He ions at RT up to 31.35 dpa (ion 

charge not specified). They found that the material was highly resistant to 

amorphisation. SAED patterns from the samples irradiated at different doses are 

shown in Fig. 13 [53]. As the dose was increased, the diffraction spots on Fig. 14 [53] 

became less intense and formed curved streaks, or diffused around the direct beam, 

suggesting the material had lost long range atomic order. TEM also revealed a high 

number of defects were produced, mainly Frank loops and stacking faults, which were 

located along the basal planes. These defects most likely formed along the basal planes 

because of the low migration barrier of interstitials along these planes and were 

identified as (TiAl and AlTi) antisite pairs from Density Function Theory (DFT) studies 

[53]. Ti3AlC2 (i.e. 𝛼-Ti3AlC2) also underwent a transformation into a newly identified 

phase with a slightly different stacking sequence, identified as 𝛽-Ti3AlC2  This 

rearranged sequence was abundant in nanograins within the MAX phase matrix. 
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Fig. 14. SAED patterns of Ti3AlC2 irradiated with 50 keV He ions, the corresponding dpa values 
are also indicated. All patterns are predominantly along the [112#0] zone axis [53]. 
 

Wang et al. [54] irradiated Ti3AlC2 with 50 keV He ions with damage levels varying 

from 4 to 52 dpa. Grazing Incidence X-ray Diffraction (GIXRD) showed that the 

intensity of the MAX phase reflections decreased, and the peaks broadened, suggesting 

a decrease in crystallinity, and the development of microstrain within the lattice 

respectively. One particular observation was the appearance of new peaks that 

corresponded to TiC, a phase which was not detected in the original material. The 

presence of TiC was attributed to the decomposition of the phase into its MX 

component. The TiC peaks broadened further at higher doses, as they contained more 

defects. At the lower doses around 4 dpa, small isolated defects formed during the 

irradiation process, which agglomerated to form extended defect clusters, mainly 

dislocations. At the highest doses, spherical bubbles were observed in the samples. 

These were thought to contain He. Their analysis shows that Al-layers are removed 

from their positions while the TiC layers remain unperturbed. Patel et al. [55] also 

irradiated Ti3AlC2 using He ions but at high temperatures of 500°C reaching up to 5.5 

dpa. GIXRD revealed that the material remains crystalline but most of the reflections 

corresponding to Ti3AlC2 shift considerably, and the relative intensities of the peaks 
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change. Huang et al. [49] irradiated Ti3SiC2 and Ti3AlC2 with 7 MeV Xe26+ up to 10 

dpa. Their XRD analysis showed that peaks corresponding to Ti3AlC2 broadened 

significantly: mainly the (102), (103), and (105) peaks. A systematic decrease of peak 

intensity was found in both compounds. Upon irradiation at 600°C there was a 

recovery of peak intensity, which indicated a lower build-up of induced defects in these 

samples. RT irradiation caused the development of cracks, marked with a red arrow in 

Fig. 15a and 15c, whereas at 600°C, Fig. 15b and 15d, no cracks were observed on the 

surface. It would seem that the high temperature allowed irradiation-induced defects 

to recover and prevent a build-up of lattice strain.  

 

 
Fig. 15. SEM micrographs of samples irradiated to a dose of 	2 × 10!"	ions/cm2 (a) Ti3SiC2 
irradiated at RT, (b) Ti3SiC2 irradiated at 600°C, (c) Ti3AlC2 irradiated at RT, (d) Ti3AlC2 irradiated 
at 600°C. The red arrows mark the cracks and the blue arrows mark scratches caused by polishing 
[49]. 
 

Qi et al. [56] irradiated Ti3SiC2 with 700 keV C+ ions up to 60 dpa between 120°C and 

850°C. Observed again in this phase, XRD revealed a pronounced decrease in peak 

intensity at progressively higher doses, showing a decrease in crystallinity. Peak 

broadening was also observed, which was caused by defect agglomeration. They also 

observed the rise of new broad peaks that corresponded to TiC. These broad TiC 

peaks were thought to be representative of highly damaged nano-crystallite TiC 

structures within the MAX phase matrix.  
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Wang et al. [57]  studied the effects of 1 MeV Au+ ions on Ti2AlC up to 80 dpa at RT.  

Again, the crystallinity of the phase decreased, which was expected as the material was 

irradiated to relatively high damage levels. Importantly, they observed the appearance 

of new peaks which were thought to correspond to a fcc structure of the MAX phase. 

The formation of the new phase was most prominent at the highest doses. XRD 

reflections from the new phase were also very broad, which suggested that the fcc 

phase existed as dispersed nano-sized grains within the MAX phase matrix. This fcc 

arrangement has never been reported in other MAX phases and further investigations 

are required to establish this mode of phase transition. Their study suggested that 

Ti2AlC is highly irradiation tolerant and the high temperature slows down the damage 

process induced by ion irradiation.  

 

From the reported literature it is apparent that there is a general trend in the effects of 

ion irradiation on MAX phases. Generally, a loss in crystallinity is observed (up to a 

certain dose), increased lattice strain, defect creation and irradiation-induced phase 

transformations can all occur. However, different ion irradiation experiments 

conducted on the same phase have proven to have different effects on the MAX phase. 

It is therefore more advantageous to investigate different MAX phases under the exact 

same conditions. Clark et al. [58] reported the response of Ti3SiC2 , Ti3AlC2 and Ti2AlC 

irradiated to 30 dpa at 400°C and 700°C with Ni4+ ions. Their experiments showed  

that irradiation leads to substantial disordering of the nano-laminate crystal structure 

in all phases but does not cause complete amorphisation. They observed anisotropic 

swelling of the MAX phases; again an expansion along the c-direction and a contraction 

in the (000l) plane. They also showed that phases containing Al exhibited a significantly 

higher level of damage than their Si-based counterparts. Post-irradiation SEM surface 

analysis revealed a significant disparity between the phases irradiated at 400°C and 

those irradiated at 700°C. They observed surface cracks on the samples irradiated at 

400°C  but not on those irradiated at 700°C. SEM micrographs from the cracks at 

various temperatures are shown in Fig. 16 and 17 [58]. The crack formation was more 

prominent in the Al-based MAX phases compared to their Si counterparts. They 

explained the temperature-dependent formation of cracks to be associated with the 

‘point defect swelling’ regime, whereby there is an enhanced swelling due to the build-
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up of defects in a specific material-dependent temperature range. Outside of this 

temperature range, defect agglomeration does not lead to lattice parameter swelling, 

and thus no cracks appear. The phase was shown to remain crystalline up to 11 dpa. 

Overall their study suggests that Si based MAX phases are more damage tolerant than 

Al-based MAX phases at temperatures between 400°C and 700°C. In a different study, 

Liu et al. [59] irradiated Ti2AlC at RT and 600°C with 1.1 MeV C4+ ions. SEM showed 

the development of grain boundary cracking upon RT irradiation conditions but not 

at higher temperatures. These results follow the same behaviour, whereby cracks are 

not observed on the surface once irradiated at high temperatures. 

 

 
Fig. 16. SEM surface imaging on Ni4+ ion irradiated Ti3AlC2 for (a) 10 dpa-400°C, (b) 10 dpa-
700°C, (c) 30 dpa-400°C, and (d) 30 dpa-700°C irradiation conditions [58]. The surface features in 
(d) are as a result of surface contamination, which occurred during the irradiation experiment. 
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Fig. 17. SEM surface imaging on Ni4+ ion irradiated Ti2AlC for (a) 10 dpa-400°C, (b) 10 dpa-700°C, 
(c) 30 dpa-400°C, and (d) 30 dpa-700°C irradiation conditions [58]. 
 

Other variations of MAX phases have also been tested for their irradiation resistance. 

Cr2AlC was irradiated with 7 MeV Xe26+ ions and 500 keV He2+ ions at RT [60]. The 

irradiated material remained crystalline up to a dose of 5.2 dpa. Anisotropic lattice 

parameter changes were observed, where the c-parameter increased and the a-

parameter decreased. Wang et al. [61] irradiated V2AlC and Cr2AlC with 1 MeV Au+ 

ions. Their dpa estimation suggests the damage reached 100 dpa, however the true 

values may be contested considering the highest fluence was 1 × 1016 ions/cm2 using 

a 1.7 MV accelerator. However, the damage induced has caused a number of 

modifications to both phases. At the lowest fluence of 1 × 1014 ions/cm2 XRD peaks 

corresponding to V2AlC  showed a significant decrease in intensity with only the 

original (101) and (103) peaks remaining in the reflection profile, both of which 

broadened significantly. This indicated a loss in crystallinity and lattice microstrain. 

They also observed an irradiation-induced phase transformation, where the MAX 

phases structure changed to a fcc structure, similar to the transformation in Ti2AlC 

reported by Wang et al. [57]. The unit cell of this phase incorporates repeating units of 

the fcc TiC unit cell. From TEM micrographs, there was an obvious increase in the 

density of both dislocations and stacking faults in V2AlC with increasing dose. These 
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defects were accommodated along the basal planes (000l). Both phases were shown to 

amorphise at the highest doses, but Cr2AlC was shown to be more prone to 

amorphisation, due to the stronger Cr-C covalent bonds relative to the V-C covalent 

bonds. 

 

Very few reports exist on the behaviour of MAX phases to neutron irradiation. This 

is partly due to difficulties and efforts required to characterise activated material. 

Tallman et al. [62] reported the effect of neutron irradiation on a number of MAX 

phases. Their work showed that Ti3SiC2, Ti3AlC2, Ti2AlC and Ti2AlN remained fully 

crystalline under neutron irradiation up to 0.1 dpa at 360 and 695°C. However, even 

at this low dose, all the phases except Ti2AlC were reported to dissociate into their 

respective MX compounds. For example, 50% wt. of Ti3AlC2 converted into TiC after 

irradiation, showing that Ti2AlC has a greater stability than Ti3AlC2 in neutron 

environments. Unlike most ion-irradiated MAX phases, localised defect clusters and 

dislocation loops (approx. 15 nm in projection), and even triangular defects, appeared 

on Ti3AlC2 after irradiation. These can be seen in the micrographs in Fig. 17. At low 

temperatures, neutron irradiation produced a high density of dislocation loops in 

Ti2AlC, while at high temperatures it acquired basal plane loops (approx. 51 nm in 

projection). Loops (approx. 75 nm in projection) were also observed on on Ti3AlC2 at 

low temperature, while at higher temperatures triangular defects with edge lengths of 

(approx. 27 nm  in projection) were measured.  

 

 
Fig. 18. Bright TEM micrographs of (a) Ti3AlC2 irradiated to 0.1dpa at 360°C (b) 0.1 dpa at 695°C 
(c and d) same region at different zone axes but showing triangular defects at 360°C [62]. 
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The relative resistance of Ti-based 312 MAX phases to amorphisation is further 

confirmed by heavy ion irradiation work reported by Whittle et al.[38], Huang et al. 

[63] and Clark et al.[58], with Ti3AlC2 being observed as being more resistant to damage 

than Ti3SiC2 by Whittle et al. and Huang et al. for the irradiation procedures that they 

used. Huang reported α → β phase transitions in both these 312 phases after 7 MeV 

Xe26+ irradiation to ~ 5	× 10 dpa levels. The macroscopic swelling manifesting itself as 

crack formation after room temperature irradiation was interpreted qualitatively by 

Huang et al. in terms of swelling of the MAX phase crystal structure because such 

cracks were not visible in material irradiated at 600 °C. The irradiation conditions used 

by Clark et al. [58] consisted of midrange ion doses of 10-30 dpa achieved using 5.8 

MeV Ni4+ ions at irradiation temperatures of 400 °C and 700 °C. At these temperatures 

and doses, the Ti3SiC2, Ti3AlC2 and Ti2AlC materials that they examined all remained 

fully crystalline, albeit with disorder introduced into the c-plane stacking sequence of 

the MAX phases. Here, however, the Ti3AlC2 phase exhibited significantly more 

damage than Ti3SiC2, and there was evidence for saturation of radiation damage at 

levels < 10 dpa as a consequence of migrating interstitials being able to recombine 

with immobile vacancies under the irradiation conditions that they used. For these 

elevated temperature irradiation experiments, they were able to demonstrate that the 

MAX phases behaved in terms of their response like metals between Stage I and Stage 

III of the van Beuren stage I-V classification as a function of recovery temperature, 

i.e., between the onset temperature for interstitial motion and the onset temperature 

for vacancy motion. The cracking that they observed in the samples irradiated at 400°C 

was interpreted in terms of stresses being introduced at grain boundaries from of the 

change in shape of grains as a consequence of c-lattice swelling and a-lattice contraction 

of the MAX phases. 

 

Thus, overall, while it is evident that there are differences in the analysis and 

interpretation of experimental data from one study to the next, in broad terms, a 

reasonably consistent picture is beginning to emerge of the response to irradiation of 

the Ti-based MAX phases. By comparison, work on irradiation of Zr-MAX phases is 

in its very early stages. A study on the irradiation of (Zr0.5Ti0.5)3AlC2 used protons as 
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their source of radiation, with irradiation temperatures of 350 °C and 575 °C [64]. In 

this study, c-parameter expansion and a-parameter contraction were reported in the 

irradiated samples, reducing as the temperature of irradiation increased, just as in the 

Ti-MAX phases, with Zr3AlC2 shown to be able to exhibit dynamic defect recovery 

above 400 °C. In addition, they reported is that in the nitrogen-rich atmospheres used 

for their variable temperature X-ray diffraction work, Zr3AlC2 decomposes to ZrC and 

Zr3Al2. A further notable aspect of this work relevant to the study reported here was 

the relatively low wt% level of the 312 MAX phase in their Zr3AlC2 billet [64]: 44 ± 4 

wt%, consistent with the work reported by Lapauw et al. in 2016 which reported 

61mol% in the sample that they analysed [65]. Thus, relative to Ti-based 312 MAX 

phases, phase purity has been an issue for Zr-based 312 material. 

 

 

2.3 Summary 

 

Observations from irradiation experiments on MAX phases suggest that, like metals 

and ceramics, MAX phases undergo atomic displacements once irradiated, forming 

similar radiation-induced defects, but that these layered structures also undergo 

irradiation-induced phase transformations. Some phases have shown to have 

exceptional radiation tolerance and have been highlighted as potential components in 

irradiative environments. Other phases have shown to transform to impurity phases 

to significant percentages, and some have shown to have adequate irradiation tolerance 

only at higher temperatures, generally above 400°C. It is also apparent that the role of 

bond strength within the nano-laminate structure is important in understanding the 

behaviour of MAX phases once irradiation damage is introduced. Post-irradiation 

examination observations reveal that many of the MAX phases behave differently to 

different types of irradiation and irradiation conditions. From all of the previous 

experiments conducted on MAX phases, it is evident that a variety of experimental 

conditions can give different tolerance outcomes and thus conclusions. Different ion 

types and energies result in different interactions. Similarly, temperature plays a very 

significant effect. For instance, the temperature effects of the ion beam have not been 

taken into account in most of the experiments, as the ion beam itself may alter the 
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temperature of the surface of the materials. Furthermore, the flux of the beam, i.e. 

how many ions are bombarding the sample per unit time can have a direct impact on 

surface heating. 

 

Nonetheless, the reported experiments discussed in this chapter have shown that the 

ion irradiation of MAX phases can be very useful for preliminary experiments in 

determining irradiation tolerances before they are investigated further. In addition, it 

is clear that predicting the radiation tolerances of specific phases is difficult, as even 

the tolerances of 211 and 312 types of the same family have been shown to be 

different. The literature has highlighted a number of areas of interest relevant to the 

characterisation of irradiated MAX phases, such as the formation of surface inter-

granular cracking, lattice parameter swelling, and irradiation-induced defect formation. 

These are referred to in the following sections of this thesis. 
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3. Experimental methods 

 

 
3.1 Methodological approach 

 

The materials and experimental techniques used in the studies carried out for this 

project are described in this chapter. The methodological approach is executed as 

follows: firstly, the materials are prepared using standard metallurgical practices, the 

materials are then characterised using electron microscopy and X-ray diffraction 

techniques, after which the materials are irradiated with heavy ions, and then 

consequently characterised for post-irradiation features.  Some materials are annealed 

after irradiation, and then re-characterised. The steps of this methodology, typical of 

ion irradiation studies of materials, are summarised in the chart in Fig. 18. 

 
Fig. 18. A chart showing the steps of the methodological approach. 
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The experimental methods are described in the following order: MAX phase material 

synthesis, the arrangements of the ion irradiation experiments, the specific irradiation 

conditions used, and the post-irradiation characterisation techniques, which include 

scanning electron microscopy (SEM), transmission electron microscopy (TEM) and 

X-ray diffraction (XRD) techniques. 

 

 

3.2 Material synthesis  

 
MAX phases in the Zr-Al-C and Zr-(Al,Si)-C family are not commercially available, 

and a full understanding of their synthesis is not entirely established. Only since 2016 

have publications emerged regarding the synthesis methodologies of both Zr2AlC and 

Zr3AlC2 [65,66] and various stoichiometries of the ‘A’ element in Zr3(Al,Si)C2 in 2017 

[67]. The materials used in this study were supplied by the Carbides for Accident 

Tolerant Fission Environments (CAFFE) consortium, through collaborations from 

both Imperial College London (United Kingdom) and Katholieke Universiteit Leuven 

(Belgium). 

 

 
3.2.1 Zr2AlC MAX phase  

 
The Zr2AlC MAX phase used in this study was synthesised and supplied by Lapauw 

et al. [66] at Katholieke Universiteit Leuven, Belgium. A full description of their 

synthesis procedure is described in their paper. They describe their methodology as 

follows:  the material was synthesised by the reactive hot pressing of ZrH2, Al and C  

powders with a Zr:Al:C molar ratio of 50:20:30, corresponding to a stoichiometry of 

2:0.8:1.2. The powdered mixture was then milled with ZrO2 balls in isopropanol. Once 

the mixture was dried, it was poured into a 30 mm inner-diameter graphite die and 

cold compacted with a pressure of 20 MPa. The material was then hot pressed under 

vacuum at 1525°C with a heating rate of 25°C/min. The reaction took place at a 

pressure of 20 MPa for a dwell duration of 30 minutes. Once the treatment was 
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completed and the sample allowed to cool, the outer layer of the sample (approx. 1mm) 

was ground off to remove any potential impurities from the graphite die.  

 

Rietveld refinement of the hot-pressed mixture was reported with the assumption that 

Zr2AlC was associated with the space group P63/mmc, and the Wyckoff positions of 

the Zr, Al and C are 4f, 2a and 2c respectively. Crystallographic data on this phase are 

shown in Table 2 [66]. XRD analysis also revealed the existence of a secondary phase, 

ZrC (approx. 30 wt. %). The XRD profile, and full Rietveld refinement, from the 

pristine material are both detailed in Chapter 4. A small amount of a third phase 

Zr3AlC2-x was detected in the material (approx. 5 wt. %) but this was only detectable 

by TEM and is thought to form during a transition of the 211 to the 312 phase [66].  

The unit cell of this phase is shown in Fig. 20. 

 

Table 2. Structural Parameters of Zr2AlC and ZrC. 
 

 

Formula Zr2AlC ZrC 
Lattice parameters (Å) a: 3.3237(2) Å 

c: 14.5705(4) Å 
a: 4.6796(3) Å 

Space group P63/mmc (194) Fm3-m (225) 
Atomic positions   

Zr 4f; zZr  =0.0871(1) 4a 
C 2c 4b 
Al 2a  
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Fig. 20. (a) the unit cell of Zr2AlC, (b) projection in real space along [112$0] and (c) projection in 

real space along [11$00]. In each figure the [0001] direction is vertical. 

 

 
3.2.2 Zr3(Al0.9Si0.1)C2 MAX phase 

 
The second phase examined for its irradiation tolerance reported in this thesis is 

Zr3(Al0.9Si0.1)C2 MAX phase. The unit cell of  this phase is shown in Fig. 20. This phase 

was synthesised and supplied by Zapata-Solvas et al. [67] at Imperial College London, 

United Kingdom. Their synthesis methods are explained further in their paper. They 

describe their methodology as follows: high purity commercial-grade powders of ZrH2, 

Al, Si and C in proportions for stoichiometries of (3):(0.99):(0.1):(1.9) for Zr:Al:Si:C. 

The ratios of the powders were estimated assuming that Zr3(Al0.9Si0.1)C2 was associated 

with the space group P63/mmc.  The precursor powders were then mixed together with 

ZrO2 balls for 30 minutes. The powders were then placed in a graphite die and hot-

pressed under argon gas at a dwell temperature of 1500°C for one hour. Other phases 

present in the material include ZrC (approx. 22 wt. %) and Zr5Si3 (approx. 10 wt. %). 

Phase quantification by Rietveld refinement was carried out as part of the pre-
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irradiation characterisation of this material in this thesis, and the results are presented 

in Chapter 4. The structural parameters of this phase are shown in Table 3. 

 

Table 3. Structural Parameters of Zr3(Al0.9Si0.1)C2, ZrC and Zr5Si3. 
 

 

 
Fig. 21. (a) The unit cell of  Zr3(Al,Si)C2, (b) projection in real space along [112#0] and (c) projection 
in real space along [11#00]. In each figure the [0001] direction is vertical. 
 
 

Formula Zr3( Al0.9Si0.1)C2 ZrC Zr5Si3 
Lattice parameters (Å) a: 3.333(4) Å 

c: 19.944(3) Å 
a: 4.6796(3) Å a: 7.958(1)  Å 

c: 5.563(2)  Å 
Space group P63/mmc (194) Fm3'm (225) P63/mcm 

(193) 
Atomic positions    

Zr 2a 4a 4d 
6g; xZr = 0.25 

 4f  zZr = 0.1355   
C 4f  zC  = 0.5722 4b  
Al 2b   
Si 2b  6g, xSi = 0.61 
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3.3 Metallurgical preparation 

 

All materials used in this study were prepared in a similar manner. The received 

samples were sectioned into cubes approximately 10 mm in edge length using a 

diamond blade on a disk cutter. The samples were then hot mounted into a resin for 

grinding and polishing. The samples were initially ground by a 400 grit SiC paper with 

water, followed by SiC disks with smaller particle sizes corresponding to 800, 1200 and 

2000 grit for five minutes each respectively. The samples were then polished with an 

MD-Plate and an active Oxide Polishing Suspension (OPS) diluted with 30% water 

for 10 minutes. After the polishing cycle was completed, the samples were cleaned 

using acetone, followed by methanol, in an ultrasonic bath for 10 minutes each. 

Without difficulty the polishing methods resulted in good surface topographies, to a 

mirror finish. Scratches were virtually undetectable by SEM imaging, even at the 

highest magnifications used in SEM image acquisition.  

 

 

3.4 Irradiation experiments 

 
The ion irradiation experiments were performed at the Ion Beam Centre (IBC) at 

Helmholtz-Zentrum Dresden-Rossendorf (HZDR), Germany. The material 

containing Zr2AlC and the material containing Zr3(Al0.9Si0.1)C2 were irradiated in two 

separate ion irradiation experiments using different experimental conditions. The 

choice of ion irradiation and irradiation temperature was constrained by beam line 

availability at the time at the Ion Beam Centre at Helmholtz-Zentrum Dresden-

Rossendorf. The two irradiation experiments were conducted by different beam-lines 

using different ion types, energies and irradiated at different temperatures. Although 

this is not ideal for a direct comparison between the results of the two sets of 

experiments, the availability of beamtime dedicated to this project at the irradiation 

facility was limited, particularly as the time scale over the course of this project only 

allowed for a limited beam time allocation at the facility. For example, beam time 

allocated for  the first set of irradiation experiments was approved seven months after 



Chapter 3  Experimental methods 

 42 

the initial facility application was submitted, and the second set of experiments were 

allocated six months after the initial application. Due to the availability of accelerators 

at the time, the same beamline used for the first experiments could not be used for the 

second set of experiments. Details of these experiments are described in the following 

section. Where possible, temperatures and fluences were chosen to match other ion 

irradiation experiments performed on MAX phases reported in the literature. 

Generally, most ion irradiation experiments performed on MAX phases were to test 

their potential for use in nuclear environments, and hence many MAX phases have 

been investigated at temperatures similar to those experienced in a nuclear reactor 

core. 

 

 
3.4.1 Rossendorf 3 MV accelerator 

 
Zr2AlC was irradiated with 22 MeV Au7+ ions using the Rossendorf 3 MV accelerator. 

This 3 MV Tandetron accelerator operated under high vacuum (3Í10-6 mbar). A 

detailed description of the instruments and technology incorporated in this accelerator 

is reported by Friedrich et al. [68]. The layout of the beamlines is shown in Fig. 22 [68] 

and a photograph of the accelerator is shown in Fig. 23. In brief, negative ions are 

generated by Cs sputtering of the Au atoms. Once the Au atoms are charged, they are 

accelerated by the electrostatic field. In the middle of the accelerating tube, the 

negatively charged beam is stripped of its electrons by interacting with a nitrogen 

gaseous medium. The resultant positively charged beam is accelerated further, focused 

by an electrostatic quadruple lens and then directed to the implantation beam line. The 

ion beam then irradiates the sample, which is placed and secured on an Al holder, 

shown in Fig. 24. A sheet of thin Al foil is placed between the bottom of the sample 

and the holder to ensure that there is an even distribution of heat.  Thermocouples, 

attached behind the foil and around the holder, are used to monitor the temperature 

during implantation.  
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Fig. 22. Layout of the Rossendorf 3 MV accelerator [68]. 
 

 
Fig. 19. A photograph of the Rossendorf 3 MV accelerator 
 

 
Fig. 20. A photograph of the sample holder. The Al sheet is attached below the sample and the 
sample is firmly attached to the stage with an Al holder. 
 
Irradiation experiments were performed at RT, 300oC and 600oC (±20oC). The sample 

holder was fixed with thermocouples to allow for the temperature to be monitored 

during the experiments. There was no cooling during the RT experiments, but due to 

the low ion flux, temperatures did not exceed 40oC. A full list of the irradiation 
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experiments is summarised in Table 4. Each irradiation experiment was allocated one 

sample of equal size, with an irradiated surface of roughly 1 cm2 

 

Table 4. Conditions of the irradiation experiments conducted on Zr2AlC. 

 

3.4.2 Rossendorf 6 MV accelerator 

 
The Zr3(Al0.9Si0.1)C2  MAX phase was irradiated with 52 MeV I9+ using the Rossendorf 

6 MV accelerator. This 6 MV Tandetron accelerator operated under high vacuum 

(3Í10-6 mbar). A detailed description of the instruments and technology incorporated 

in this accelerator is reported by Akhmadaliev et al. [69]. The layout of the beamline is 

shown in Fig. 25 [69] and a photograph of the accelerating chamber is shown in Fig. 

26. This accelerator is similar to the Rossendorf 3 MV Tandetron, and the ions are 

produced and accelerated in a similar manner. Low energy negative ions are injected 

and are stripped of their electrons by argon gas, accelerated further, concentrated with 

an electrostatic quadrupole triplet lens, and then focused towards the ion implantation 

beam line.  

Maximum dose (dpa) Fluence (Í𝟏𝟎𝟏𝟑 ions/cm2) Temperature (oC) 

1.0 7.2 RT 
1.0 7.2 300 
1.0 7.2 600 
3.5 22.0 RT 
3.5 22.0 300 
3.5 22.0 600 
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Fig. 21. Layout of the Rossendorf 6 MV accelerator [69]. 
 

 
Fig. 22. A photograph of the Rossendorf 6 MV accelerator. 
 
 

3.5 Damage simulation 

 

SRIM (Stopping and Range of Ions in Matter) is a binary-collision Monte Carlo 

simulation code that is used systematically to compute ion-implantation profiles and 

give an estimation of the number of vacancies produced per ion and unit length. This 

program was used to estimate dpa values for the ion irradiation experiments. Input 

parameters such as the material composition, stoichiometry, beam type and ion energy 

were used to compute the vacancies produced in the MAX phase per ion per unit 
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length. These values were then used to estimate the number of displacements 

produced per collision event. The program calculated the output vacancies produced 

during ion implantation which are based on the Kinchin-Pease method [70]. This 

method follows two simple assumptions: (i) displacing an atom above a threshold 

energy causes recoils through electronic interactions, whereas below the threshold 

energy, the recoils are only through hard-core elastic scattering, (ii) if an atom receives 

energy greater than the threshold displacement energy, it is considered to be  

permanently displaced from its position, and if the received energy is below this 

threshold energy the atom returns to its original position. Importantly the effects of 

the crystal lattice are not considered in this calculation method. In real conditions, 

atoms displaced by a PKA would experience a mixture of interactions. Displacements 

per atom are calculated by the ratio of the total vacancies (T!"#"$#%&')	 produced per 

unit volume to the total number of atoms per unit volume (T"()*'), i.e. the atomic 

density. The equation for dpa calculation is: 

 

𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡𝑠	𝑝𝑒𝑟	𝑎𝑡𝑜𝑚 =
𝑇&'(')(*+,	(/𝑐𝑚-)

𝑇'./0,	(𝑎𝑡𝑜𝑚𝑠/𝑐𝑚-) 

 

The vacancies are output as primary vacancies (𝑉+,%*",-) and recoil vacancies (V,&#)%.). 

The primary vacancies are produced as a result of direct ion bombardment, and 

recoil vacancies form due to recoil atoms. i.e. vacancies produced indirectly from my 

PKA. The sum of vacancy production (𝑇!"#"$#%&')	 is the total damage caused. The 

average number of displacements of each atom is the total number of vacancies per 

cm3. The total number of vacancies produced during irradiation is therefore the sum 

of the total number of vacancies produced per ion multiplied by the total number of 

ions. 

 
𝑇!"#"$#%&' = Fluence	(ions/cm/) ×	(𝑉+,%*",-	 +	𝑉,&#)%.) 

 
The average number of displacements experienced by each atom is then calculated by 

multiplying the total amount of vacancies	by the irradiation duration in seconds. These 

values give the dpa profile per unit length and the ion implantation depth. The 
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interaction of charged particles with matter is rather complex, and therefore estimating 

the damage caused by the ions in materials is difficult. Nevertheless, profile analysis is 

readily compared to experimental observations and the outputs from these simulations 

generally give good indication of the damage profile [71].  

 

 
3.6 Ion damage simulation in Zr2AlC  

 

The ion damage levels in Zr2AlC were estimated by the Monte Carlo simulation 

programme SRIM 2008. The results from this simulation gave estimations of the dpa 

values and the ion implantation depth below the surface. The Kinchin-Pease quick 

calculation method was used with threshold displacement energies of 40, 25, and 28 

for Zr, Al and C respectively. The dpa profile for 22 MeV Au7+ ions against the 

penetration depth for both irradiation fluences is presented in Fig. 1. The calculated 

dpa profiles correspond to fluences of 7.2 × 1013 ions/cm2 and 22 × 1013 ions/cm2 for 

both the low and high profiles respectively. It should be noted that the reported 

damage used in this study (e.g. 1.0 and 3.5 dpa) is the maximum damage in the analysed 

region and the damage profile is not uniform throughout the sample, as shown in Fig. 

27. The ion implantation peak depth is marked on the figure; this region represents 

the depth below the surface in which the majority of the Au7+ ions are concentrated. 
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Fig. 27. Estimated damage (dpa) profile induced by 22 MeV Au7+ irradiation on Zr2AlC for high 
and low irradiation doses as a function of ion penetration depth. 
 

3.7 Ion damage simulation in Zr3(Al0.9Si0.1)C2 

 

The ion damage levels in Zr3(Al0.9Si0.1)C2 were estimated by the Monte Carlo simulation 

programme SRIM 2008. The simulation estimated the dpa values per unit length and 

the ion implantation depth below the surface. The Kinchin-Pease quick calculation 

method was used with threshold displacement energies of 40, 25, 20 and 28 for Zr, Al, 

Si and C respectively. The dpa profile for 52 MeV I9+ ions against the penetration 

depth is shown in Fig. 28. It should be noted that the reported damage is the maximum 

damage in the analysed region, and it is not uniform throughout the sample (Table 10). 

 

Table 10. Irradiation experiment fluences along with corresponding dpa values. 

Maximum damage (dpa) Fluence (´ 1014 ions cm-2) 

1.5 5.7 
3.5 13.1 
5.0 19.5 
8.0 30.6 
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Fig. 28. Estimated damage level profiles (dpa) of Zr3(Al0.9Si0.1)C2 induced by 52 MeV I9+ ion 

irradiation, at various fluences, as a function of ion penetration depth. 

 
3.8 Analytical methods 

 

3.8.1 X-ray Diffraction 

 

X-ray diffraction (XRD) is widely used to analyse crystalline materials. It is particularly 

beneficial to analyse irradiated material as it is non-destructive and can provide 

information on crystallinity, lattice parameters, strain and phase quantification. The 

relatively simple interaction and mechanism of the diffraction of X-rays in materials 

results from the scattering of X-rays in crystals. The scattered X-rays from periodic 

adjacent atoms interfere and give rise to a diffraction pattern. The pattern is then 

modulated by a detector to output an XRD profile. In this study XRD was utilised for 

material characterisation for crystal structure determination, including lattice 

parameters, phase quantification by the Rietveld method, and used to investigate other 

effects such as the crystallinity of the irradiated material. One particular advantage of 

using XRD in this study is that it allows for a relatively large area of the material to be 

analysed (approx. 3 mm2 ), compared to TEM, for instance, which is typically used to 

investigate a radial area of 50 µm2 at a time, and so the diffraction profiles can give a 
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good overview of the material as a whole. It also allows for accurate lattice parameter 

measurements to be taken, which are useful to determine the crystal structure and 

possible structural changes to the phases present within the material after ion 

irradiation.  

 

Simple Miller indices have been used to index the X-ray diffraction patterns, in contrast 

to the transmission electron microscope work reported in this thesis, where it is more 

convenient to use the four-index notation for planes and directions. 

 

 

3.8.2 Bragg-Brentano geometry 

 

In preparation for XRD analysis, the samples (10 mm3) were fixed onto a single crystal 

Si disk using plasticine. This single crystal provides a nearly zero-background plate test 

environment, ideal for small samples that may cause a high background noise, such as 

the very small sample size of the MAX phases used in this study. The Si disk is then 

attached to a plastic holder and inserted into the instrument. Powdered samples were 

prepared for quantitative analysis by cutting thin 0.5 mm sections of the MAX phase 

sample. The thin sections were then crushed using an agate mortar and pestle into a 

fine powder. The powder was rinsed from the mortar and pestle using ethanol and 

collected in a container. Using a pipette, the solution was carefully dropped on a single 

crystal Si disk, then allowed to dry until fully covering the centre.  

 

A Bruker D8 X-ray diffractometer was used for XRD measurements, which operated 

in reflection mode at 40 kV and 40 mA with both CuKα1 and CuKα2 radiation of 

wavelength 1.5406 Å and 1.5433 Å respectively. 8200 steps at 3 seconds per step were 

recorded at RT. In order to analyse the diffraction profiles, the computer program 

‘HighScore Plus’, by Malvern PANalytical, was used to find the peak positions, and 

match with crystal patterns obtained from the International Crystallography Database 

(ICSD).  
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3.8.3 Rietveld refinement  

 

Rietveld refinement is an analysis method which refines experimental XRD patterns 

to a simulated model XRD pattern [72]. The simulated model pattern is obtained from 

the crystallography data of the pure phase. This pattern is then manipulated with a 

number of iterations and refinements, which are systematically undertaken by altering 

crystal structure parameters. The refinements are controlled and optimised until the 

simulated pattern matches the experimental pattern as much as possible.  Once both 

patterns are comparatively overlapping, information as such lattice parameters, relative 

phase wt. % values, lattice strains and preferred grain orientations can be deduced from 

the peak profiles.  

 

In this study, Rietveld refinement was performed on the computer program 

‘HighScore Plus’, by Malvern PANalytical. The refinement steps were executed as 

follows: firstly, the background of the XRD profile of the raw data, and then the peaks 

were identified. Crystallographic Information Files (CIF) for the phases present in the 

material were then inserted into the program, which allowed all the phases to be linked 

to the software. A pseudo-Voigt peak shape model was used for the refinements. 

Refinements began with the zero offset and scale factors, followed by two background 

parameters, then the lattice parameters of the main phase in the mixture followed by 

other phases present within the material. The atomic coordinates of the main phase 

were added, asymmetry, breadth and the final two background parameters were refined 

towards the end. The March-Dollase factor accounted for preferred orientation of the 

grains with respect to the surface, which was accounted for along the (00l) planes. 

 

 

3.8.4 Grazing incidence-beam geometry 

 

As the region of interest in the irradiated material lies within the top few microns of 

the surface, a fixed incidence-beam geometry was used for some samples. This is 

because the interaction volume of X-rays is beyond the ion irradiated region. To 

analyse the top surface of the irradiated material, the incidence angle is fixed at a small 
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degree, commonly used in ‘Grazing Incidence X-ray Diffraction; or GIXRD setup. 

This setup utilises a small angle between the X-ray source and the sample surface, 

which geometrically, as shown in Fig. 29, allows for a small volume of the top surface 

of the material to be analysed rather than penetrating beyond the region of irradiation 

damage.  

 

 
Fig. 29. Illustration of a fixed source XRD setup. 
 

The source is fixed so that the angle between the beam and the sample is small and 

does not rotate, while the detector rotates around the sample to collect X-rays reflected 

from all angles. The penetration depth can be selected by choosing an appropriate 

incidence angle. Hence, an XRD pattern from the top surface of the material can be 

obtained. The incident beam angle was calculated using the computer program 

HighScore Plus (reference) to achieve a maximum depth of 4 and 8 microns for Zr2AlC 

and Zr3Al,SiC2 respectively. The depths chosen to correspond to the analysis region 

of interest: indicated by the SRIM profiles shown in Fig. 27 and Fig. 28. In order to 

optimise the quality of the XRD data, important for lattice parameter measurements 

and Rietveld refinement, the most scan range was chosen to cover the region with the 

majority of the high intensity peaks. Generally speaking, the greater the scan range, the 

better the accuracy of the measurements is, however, in the case for the MAX phases 

irradiated in this study: longer scans per data point were taken across a slightly shorter 

range. Lattice parameters were measured using the 2-theta positions and not using 

Rietveld refinement. 
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3.8.5 Transmission Electron Microscopy 

 

The wavelength of an electron beam, as is the wavelength of an X-ray, is roughly 

equivalent to the distance between atoms in a crystal, and therefore is valuable for 

diffraction studies of materials. If a material is thin enough, a beam of electrons may 

transmit through or diffract. If the transmitted beam is projected on a fluorescent 

screen, crystal features can become visible. TEM is a powerful tool used for the 

characterisation of irradiation damage in microstructures. One particular advantage of 

TEM is its ability to examine individual grains and observe defects induced by 

irradiation at the nanoscale. SAED can also be used to obtain diffraction patterns, 

which can be used to identify phases and the orientations of grains with respect to one 

another, and importantly to view and determine properties of defects such as the 

Burger vectors of dislocations. In the studies reported in this thesis, a JEOL 200CX 

TEM was used to obtain BF and dark field (DF) micrographs, and SAED patterns. 

SAED patterns were taken on film, and then digitalised. The contrast of the digitalised 

images was then inverted to enhance the visibility of the patterns. This instrument is 

fitted with a tungsten electron source and has a maximum operating voltage of 200 

kV. The smallest area of analysis was equivalent to that of a circle with a diameter of 

500 nm. 

 

 

3.8.6 Lamella extraction 

 

A focussed ion beam (FIB) lamella preparation was used to produce specimens for 

TEM characterisation. This extraction technique is used to produce thin lamella, 

roughly 100 nm in thickness, and is widely utilised. One major advantage of FIB 

lamella extraction is that it allows for selected regions of the irradiated region of the 

sample to be detached and analysed by TEM. Thin film lamellae were extracted using 

a FEI Helios Nanolab Dual Beam FIB SEM which uses a gallium ion beam. Samples 

were milled and transferred to copper TEM grids, following the standard lift-out 

procedure [73]. The stages of lamella extraction are shown in Fig. 30. Firstly, a layer of 

platinum is deposited on an area equivalent to 20 × 10 µm on the sample surface. An 
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example showing an area is marked on Fig. 30a. The Pt deposition protects the top 

layer of the sample from potential damage caused by the Ga+ ion beam during the 

extraction and thinning steps. The material surrounding this area is milled off, and 

lower currents are then used to thin the sample. The lamella is then detached from the 

bulk material; this step is shown in Fig. 30b. An OMNIprobe is then inserted and 

attached to the cut lamella, shown in Fig. 30c, after which the lamella is extracted and 

attached to a copper grid, as shown in Fig. 30d. The lamella is then thinned using 

progressively lower currents, until it reaches a thickness of 100 nm using a 2 kV, 8 pA 

probe.  

 

The thinning steps are summarised in Table 5. The very low currents used in the final 

cleaning step ensure that ion beam artefacts were minimised and did not overshadow 

intrinsic defects and defects caused from the irradiation experiments. All of the TEM 

lamellae prepared for the studies reported in this thesis were produced using this same 

method, and hence disparities in defects present within the TEM lamella relative to 

one another can be compared directly. 



Chapter 3  Experimental methods 

 55 

 
Fig. 30. FIB lamella extraction from Zr2AlC. (a) the two marked rectangles are the regions which 
are milled and the highlighted yellow rectangle is covered with a layer of Pt, (b) probe attached to 
the thinned lamella, (c) the probe attached to the Cu TEM grid and (d) the lamella attached to the 
Cu grid and finally thinned to the desired thickness. 
 

ZrC 
MAX 
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Table 5. Conditions used for the final FIB thinning stage for TEM lamella preparation. 

 

 
3.8.7 Scanning electron microscopy 

 

SEM was used to study the topography of the MAX phases. A Field Electron and Ion 

Nova NanoSEM Field Emission Gun (FEG) fitted with an Energy Dispersive X-ray 

spectroscope was used. Backscattered electron (BSE) and secondary electron (SE) 

images were taken. BSE images are more preferable, as they rely on atomic number 

differentiating phases by contrast, allowing regions of non-MAX phases to be 

distinguished. Energy Dispersive X-ray spectroscopy or EDX is an analytical 

technique allowing the chemical characterisation of a sample. The technique measures 

X-rays emitted as a result of electron excitation and consequent relaxation following 

ionization by an electron beam. The energy and relative intensities of the X-rays can 

be measured to indicate the elemental composition of the material. EDX was used to 

identify the composition of the grains in the SEM images. 

 

 

3.9 Annealing experiments 

 

In order to distinguish the effects of high temperature and irradiation on the materials, 

both MAX phases investigated in this study were heat treated. The heat treatments 

were conducted on non-irradiated materials so that the conditions reproduced the 

Step Ion Beam 
Current (pA) 

Milling Side Stage tilt 
(degrees) 

Typical 
thickness after 
milling (nm) 

1 1000 Front 52.3 - 
2 1000 Back 50.8 750 
3 500 Front 50.8 - 
4 500 Back 52.3 350 
5 100 Front 51 - 
6 100 Back 53 100 
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temperature changes experienced in the irradiation chamber. Identical heating ramp 

rates and dwell temperatures were used in a high vacuum chamber. Sections of the 

MAX phase-based material with similar dimensions were heated in a furnace under 

vacuum. The samples were glass sealed using standard vacuum sealing techniques. 

Temperatures were monitored throughout the heat treatments using thermocouples. 

The temperatures did not exceed ±10°C of the target temperature. 

 

 

3.9.1 Annealing of Zr2AlC 

 

Unirradiated Zr2AlC was heat treated to both 300°C and 600°C.  The duration of the 

heat treatments was one hour (similar to the duration of time the irradiated samples 

were heated in the irradiation chamber of around 1 hour) . Although these durations 

were not exactly the duration of the irradiation experiments, this time was sufficient 

to allow some degree of annealing to occur. The ramp rate of the heater was set to 

20°C/min, similar to the ramp rate of the heater in the irradiation chamber. After the 

annealing treatment was complete, the vacuum sealed heat treated samples were 

removed from the furnace and allowed to cool in air from the peak temperature to 

RT.  

 

 

3.9.2 Annealing of Zr3(Al0.9Si0.1)C2 

 

In order to investigate the irradiation damage recovery of Zr3(Al0.9Si0.1)C2, the material 

irradiated to 8.0 dpa at RT, and thus the sample irradiated with the most fluence, was 

cut into two parts. One part was annealed at 300°C while the other was annealed at 

600°C under vacuum for a dwell time of one hour. The samples were inside the furnace 

during the heating cycle, which was set to a ramp rate of 20°C/min. After the annealing 

treatment was complete, the vacuum sealed heat treated samples were removed from 

the furnace and allowed to cool in air from the peak temperature to RT.  
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4. Results: pristine Zr2AlC and Zr3(Al0.9Si0.1)C2  

 

 
4.1 Introduction  

 

A review of the scientific literature available on Zr-based MAX phases revealed that 

the fundamental microstructural features of these materials is not fully reported. The 

literature reports primarily on the synthesis of Zr2AlC, Zr3(Al,Si)C2, Zr3AlC2 [65–67], 

but describes briefly their microstructural properties and other impurity phases present 

in these materials. This chapter aims to expand and detail the microstructure of 

materials that contain Zr2AlC and Zr3(Al0.9Si0.1)C2 MAX phases, both of which are 

materials that are used in experiments reported in this thesis. Pre-irradiation 

characterisation is particularly valuable for this study, as it allows the effects which are 

caused by the ion irradiation on these materials, reported in the next two chapters, to 

be distinguished from the intrinsic characteristics of the unirradiated material. The 

materials containing Zr2AlC and Zr3(Al0.9Si0.1)C2 MAX phases were characterised using 

SEM, TEM and XRD and the results are reported in the following sections.  
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4.2 Pristine Zr2AlC 

 

4.2.1 Topography of Zr2AlC-based material 

 

The microstructure of unirradiated material containing Zr2AlC and ZrC is shown in 

the BSE SEM micrographs in Fig. 31a-c. The microstructure mainly consists of Zr2AlC 

grains, and smaller ZrC nano-grains, shown clearly in Fig. 31b. The MAX phase grains 

are roughly rectangular in shape (approx. 20 × 5 µm in cross-section) and are elongated 

along the basal planes. The contrast of Zr2AlC grains differs slightly due to the 

orientation of the grain within the material. The ZrC grains are smaller (approx. nano-

sized) and are clustered around the MAX phase grains. Not all ZrC grains are clustered, 

some individual ZrC grains are also present between MAX phase grains, shown in Fig. 

32. Characteristic MAX phase trans-granular cracks parallel to the (0001) basal planes 

are observed in some Zr2AlC grains, shown in Fig. 30 and Fig. 32a. Some dark spots 

scattered on the surface (approx. 1-3 µm in diameter) are shown in Fig. 32a. These 

features are thought to form as a direct cause of compaction during the material 

synthesis or metallurgical preparation and are characterised as either grain pores or 

pull-outs. 

 

The density of surface features observed on the polished material only varied slightly 

across different areas of the samples, but the features were of the same type. A more 

detailed BSE SEM micrograph of the microstructure is shown in Fig. 32. Characteristic 

basal plane trans-granular cracks on the MAX phase are shown in Fig. 33c. These 

cracks appear in parallel arrays. Clusters of ZrC grains are also seen in between larger 

homogeneous Zr2AlC grains. Most of the cracks observed in Zr2AlC were trans-

granular in nature, which varied between 5 and 40 µm in length. The cracks are mostly 

parallel to one another and some span across the entire grain length, shown in Fig 32b. 

Very few inter-granular cracks were observed. The fracture surface of the un-polished 

surface is shown in Fig. 33, which is formed on the edge of the unpolished surface 

from the diamond cutting saw. Similar to observations reported on other MAX phases 

[3,4], kink bands, cracks and delaminated grains are also present in Zr2AlC. 
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Fig. 31. BSE SEM micrographs of the unirradiated surface of material containing Zr2AlC (a-c) 
showing the morphology of Zr2AlC grains, ZrC nano-grains and surface features such as trans-
granular cracks and voids. 
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Fig. 32. BSE SEM micrographs of the unirradiated surface of material containing Zr2AlC (a) a 
cluster of ZrC nanograins surrounding MAX phase grains (b) the morphology of ZrC nano-grains. 
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Fig. 33. BSE SEM micrographs of the unirradiated surface of material containing Zr2AlC showing 
characteristic trans-granular cracks on Zr2AlC grains. 
 

 

 
Fig. 34. BSE SEM micrographs of the unirradiated surface of the Zr2AlC-based material. An 
unpolished fracture surface of Zr2AlC based material showing layer delamination, kink bands and 
nanolayers of the MAX phase. 
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4.2.2 Phase identification and quantification  

 

The XRD pattern collected from bulk material containing Zr2AlC MAX phase is 

shown in Fig. 35. The pattern is displayed between 5 and 70° 2θ: this range covers the 

majority of the high-intensity diffraction reflections from both Zr2AlC and ZrC. In 

order to achieve  higher quality data for this refinement, and accounting for long scan 

times, the Rietveld refinement was most optimised between 5 and 70° 2θ.  A list of the 

reflections and their corresponding d-spacings is shown in Table 6. The reflections are 

in complete agreement with the crystal structure of Zr2AlC (hexagonal, P63/mmc, space 

group 194) with the lattice parameters a = 3.3237(2) Å and c = 14.5705(4) Å, and the 

crystal structure of ZrC (cubic, Fm3-m, space group 225) with the lattice parameters       

a = 4.6796(3) Å. These structures are also consistent with both simulated and 

experimental data reported by Lapauw et al. [66]. A plot of the Rietveld refinement is 

also shown in Fig. 34, along with the difference plot (between the refined and 

experimental data). In the figure, the refined profile is coloured in red and overlaps the 

experimental profile which is coloured in black and shows the data points. The 

refinement shows that the phase contained 67 wt. % Zr2AlC and 33 wt. % ZrC, also 

in good agreement with Rietveld refinement data on this material by Lapauw et al. [66]. 

It should be noted that there are no obvious Bragg reflections relating to other phases. 
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Fig. 35. XRD pattern and Rietveld fit showing the two main phases of the material: Zr2AlC and 
ZrC prior to irradiation. In the figure, the refined profile is coloured in red and overlaps the 
experimental profile which is coloured in black and shows the data points. The difference plot is 
also shown below the main profile. 
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Table 6. Positions of XRD reflections, d-spacings and their corresponding matching phase plane. 
 

Position 
(°2θ) 

d-spacing 
(Å) 

Zr2AlC 
(hkl) 

ZrC 
(hkl) 

12.126 7.292 002  
24.407 3.643 004  
31.031 2.879 100  
31.647 2.824 101  
33.112 2.703  111 
33.434 2.677 102  
36.238 2.476 103  
36.982 2.428 006  
38.423 2.340  020 
39.876 2.258 104  
44.183 2.048 105  
49.034 1.856 106  
50.039 1.821 008  
54.344 1.686 107  
55.219 1.662 110  
55.476 1.655  022 
56.765 1.620 122  
60.064 1.539 108  
61.251 1.512 114  
63.835 1.456 0010  
64.710 1.439 200  
65.064 1.432 201  
66.119 1.412 202  
66.157 1.411  131 
66.174 1.411 109  
67.860 1.380 203  
68.338 1.371 116  
69.510 1.351  222 

 

 
One particular refinement parameter that caused a substantial change in the 

convergence of the Rietveld fit, was the preferred orientation of Zr2AlC. The March-

Dollase factor, which accounts for preferred orientation, showed that that there was 

an enhanced fit when a preferred orientation in Zr2AlC along the (00l) planes was taken 

into account. This suggested that the MAX phase grains in this material are 

preferentially aligned with respect to the basal planes. In order to investigate this, XRD 

patterns were obtained from the same material containing Zr2AlC, but rather than in 
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its bulk form, the scan was obtained from material powder form. Generally speaking, 

finely powdered materials demonstrate a better representation of the reflection 

intensities. This is because there is an enhanced distribution of phases and grain 

orientations. 

 

The reflections obtained from material containing Zr2AlC in both the bulk and powder 

form are shown in Fig. 36 and Fig. 37 respectively. It is evident that there are significant 

differences in their relative peak intensities. Comparing the intensities from both the 

bulk and powdered profiles, there is a decrease in peak intensities in (00l) planes at the 

expense of the (hk0) peak intensities. This confirms that the grains in the pellet have a 

preferred orientation along this direction. Although reflections from profiles obtained 

from powdered material are most suitable for Rietveld refinement measurements, the 

availability of material to be ground into a powder was insufficient to provide a good 

representation of the material as a whole, in contrast to the relatively large area of the 

bulk material analysed by XRD. Furthermore, the preferred orientation could be 

accounted for in the Rietveld refinement. Therefore, Rietveld refinement was carried 

out on XRD obtained from bulk material.   
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Fig. 36. XRD profile obtained from bulk material containing Zr2AlC and ZrC. 
 
 

 

 
Fig. 37. XRD profile obtained from powder material containing Zr2AlC and ZrC. 
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4.2.3 TEM characterisation 

 

The microstructure of the material containing pristine Zr2AlC is shown in the TEM 

micrographs in Fig. 38a, Fig. 38c, and Fig. 38e. Similar to the microstructural 

observations on the surface of the material by SEM, these micrographs show large 

MAX phase grains and clusters of smaller ZrC grains. A selection of SAED patterns 

obtained from the different Zr2AlC grains at different orientations are also shown in 

Fig 38. The asterisk on figures (Fig. 38a, Fig. 38c, and Fig. 38e) denote the Zr2AlC 

grain from which SAED patterns (Fig. 38b, Fig. 38d and Fig. 38f) are taken. The 

SAED patterns are in complete agreement with the crystal structure of Zr2AlC 

(hexagonal, P63/mmc, space group 194) with the lattice parameters a = 3.3  Å and c 

= 14.5 Å. These values are also consistent with crystallographic information on this 

structure obtained by XRD, reported in section 4.2.2. 

 

A TEM micrograph of ZrC is shown in Fig. 39a and Fig. 39b, along with a 

corresponding SAED pattern (Fig. 39c) obtained from the grain denoted in Fig. 39b. 

The SAED pattern is in complete agreement with the crystal structure of ZrC (cubic, 

Fm3'm, space group 225) with the lattice parameters a = 4.6 Å. This parameter is also 

consistent with crystallographic information on this structure obtained by XRD, 

reported in section 4.2.2. 

 

It should be noted that no other phases were detected by TEM. Grains from 

unirradiated Zr2AlC were virtually featureless from defects, shown in Fig. 39a, Fig. 39c 

and Fig. 39e. No intrinsic defect features were observed in the MAX phase. However, 

the secondary phase, ZrC, was shown to have a high density of defects. These defects 

were mainly dislocations but stacking faults were also observed. However not all the 

ZrC grains contained defects. A highly defected ZrC grain is shown in the TEM 

micrograph in Fig. 40, this grain appears to contain a twin boundary and a number of 

stacking faults.  
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Fig. 38. TEM BF micrographs and SAED patterns from material containing Zr2AlC and ZrC. The 
asterisk on images (a, c, and e) indicate the Zr2AlC grain from which SAED patterns (b, d and f) 
are taken. The SAED patterns have the zone axis (b)	[1-1-20], (d)	[0001-] and (e) [211----0]. 
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Fig. 39. TEM BF micrographs and SAED patterns from material containing Zr2AlC and ZrC. The 
asterisk on (b) denote the ZrC grain from which SAED pattern (c) is taken. The zone axis is [001]. 
 

 
Fig. 40. (a) TEM BF micrograph of a heavily defected ZrC grain with a twin boundary (b) SAED 
pattern taken along the [11-0]. The EDP shows a typical type twin in the cubic FCC type crystal. 
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4.3 Pristine Zr3(Al0.9Si0.1)C2 

 

4.3.1 Topography of Zr3(Al0.9Si0.1)C2 based material 

 

The surface of unirradiated material containing Zr3(Al0.9Si0.1)C2 MAX phase, ZrC and 

Zr5Si3 is shown in the BSE SEM micrographs in Fig. 40a, Fig. 40b and Fig. 40c. The 

material mainly consists of large Zr3(Al0.9Si0.1)C2 grains that are approximately                   

10 ×	20µm in cross-section and needle-like in shape, elongated along the basal planes. 

The two secondary phases that were identified in the material are ZrC, present in small 

clusters in-between larger MAX phase grains, and Zr5Si3, scattered around the MAX 

phase grains. ZrC nano-grains decorate the microstructure but are mainly present in 

small clusters in-between larger MAX phase grains, whereas Zr5Si3 grains are up to        

5 × 5 µm in cross-section and their contrast appears to be similar to that of the 

Zr3(Al0.9Si0.1)C2. Characteristic trans-granular cracks parallel to the (000l) basal planes 

of the MAX phase appear in some grains. These cracks are also observed on pristine 

Zr2AlC MAX phase, reported in section 4.2.1.  

 

A BSE SEM micrograph of material containing Zr3(Al0.9Si0.1)C2 MAX phase is shown 

in Fig. 41. This micrograph shows the boundary between the polished surface and a 

fractured, unpolished, surface of the material. The layered structure of the MAX phase 

is exposed and shown best in Fig. 42. Here, the delamination of the layers is seen. The 

separation of layers parallel to the basal planes are thought to be the cause of cracks. 

The grain shown in Fig. 42 has cracks parallel to the basal planes and the layers are 

partially fractured in parallel striations. This further confirms that the cracks are along 

the basal planes and form as a result of layer separation along this direction. 
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Fig. 41. BSE SEM micrographs of the unirradiated surface at different magnifications (a-c) showing 
Zr3(Al0.9Si0.1)C2, ZrC, Zr5Si3 grains and surface cracks characteristic to MAX phases. 
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Fig. 42. BSE SEM micrograph of material containing Zr3(Al0.9Si0.1)C2 showing a fracture surface 
along a grain and (b) a fractured surface showing the layered structure of Zr3(Al0.9Si0.1)C2. 
 

 
Fig. 43. BSE SEM micrograph of a large grain of Zr3(Al0.9Si0.1)C along the boundary of a polished 
surface and fractured surface.  
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4.3.2 Phase identification and quantification 

 

The XRD pattern collected from bulk material containing Zr3(Al0.9Si0.1)C2 MAX phase 

is presented in Fig. 43. The pattern is displayed between 5 and 70° 2θ: this range covers 

a wide range of diffraction reflections from the phases identified in this material: 

Zr3(Al0.9Si0.1)C2, ZrC and Zr5Si3. A list of the reflections and their corresponding            

d-spacings are shown in Table 7. The reflections are in complete agreement with the 

crystal structure of Zr3(Al0.9Si0.1)C2 (hexagonal, P63/mmc, space group 194) with the 

lattice parameters a = 3.3335(7) Å and c = 19.9435(5) Å, the crystal structure of ZrC 

(cubic, Fm3'm, space group 225) with the lattice parameters a = 4.6848(3) Å, and the 

crystal structure of Zr5Si3 (hexagonal, P63/mcm, space group 193) with the lattice 

parameters a = 7.958(1) Å and c = 5.563(2) Å. 

 

 
Fig. 44. XRD pattern and Rietveld fit showing the three main phases of the material prior to 
irradiation: Zr3(Al0.9Si0.1)C2 and ZrC and Zr5Si3. In the figure, the refined profile is coloured in red 
and overlaps the experimental profile which is coloured in black and shows the data points. 
 

These structures are also consistent with both simulated and experimental data 

reported by Zapata-Solvas et al. [67]. A plot of the Rietveld refinement on this phase 

is also shown in Fig. 44, along with the difference plot (between the simulated and 

experimental data). The pattern is displayed between 5 and 70° 2θ: this range covers 
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the majority of the high-intensity diffraction reflections from both Zr2AlC and ZrC. 

In order to achieve  higher quality data for this refinement, and accounting for long 

scan times, the Rietveld refinement was most optimised between 5 and 70° 2θ.  In the 

Fig. 43, the refined profile is coloured in red and overlaps the experimental profile 

which is coloured in black and shows the data points. XRD analysis and Rietveld fitting 

of the material showed it contained 68.2 % wt. Zr3(Al0.9Si0.1)C2, 21.6 % wt. ZrC, 10.2 

% wt. Zr5Si3 and, potentially, small (>1 % wt.) traces of other intermetallic phases, 

although these could not be detected by XRD. It should be noted that there are no 

obvious Bragg reflections relating to other phases in this scan range. The impurity 

phases are a relatively significant portion on the material. However, they do not pose 

a major disadvantage for the scope of this study, as characterisation techniques focus 

on the MAX phase. 

 
Just like the refinement on Zr2AlC, one particular parameter in the Rietveld refinement 

that caused a substantial change in the match was the preferred orientation of 

Zr3(Al0.9Si0.1)C2. The March-Dollase factor, which accounts for preferred orientation, 

showed that that there was an enhanced fit when accounting for a preferred orientation 

in Zr3(Al0.9Si0.1)C2 along the (000l) planes. This observation suggested that, like Zr2AlC, 

the Zr3(Al0.9Si0.1)C2 grains in this material were preferentially aligned along the basal 

planes with respect to one another. In order to investigate this, XRD patterns were 

obtained from the same material containing Zr3(Al0.9Si0.1)C2 but in powder form. The 

reflections from both the bulk and powder samples are shown in Fig. 45 and Fig. 46 

respectively. It can be seen that there are significant differences in their relative peak 

intensities. Comparing the intensities from both the bulk and powdered profiles, there 

is a decrease in peak intensities in (00l) planes at the expense of the (hk0) peak 

intensities.  
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Table 7. Positions of XRD reflections, d-spacings and their corresponding matching phase plane. 

 

Position 
(°2θ) 

d-spacing 
(Å) 

Zr3(Al0.9Si0.1)C2 
(hkl) 

Zr5Si3 
(hkl) 

ZrC 
(hkl) 

8.838 9.996 002   
17.753 4.991 004   
22.187 4.003  110  
26.778 3.326 006   
27.285 3.265  111  
30.93 2.888 100   
33.071 2.706   111 
33.802 2.649 103   
34.197 2.61  210  
35.896 2.499 104   
35.976 2.494 008   
37.826 2.376  211  
38.377 2.343   020 
38.441 2.339 105   
38.952 2.310  300  
41.372 2.180 106   
44.63 2.028 107   
45.291 2.001  220  
45.421 1.99 0010   
47.251 1.922  310  
48.171 1.887 108   
51.960 1.758 109   
52.798 1.732  400  
55.033 1.667 110   
55.409 1.656   022 
55.977 1.64 1010   
56.321 1.632  222  
57.964 1.589  320  
58.006 1.588  312  
58.307 1.581 114   
60.206 1.535 1011   
60.531 1.528  213  
62.244 1.490 116   
63.657 1.461  411  
65.448 1.422 0014   
66.076 1.413   131 
69.137 1.357 205   
69.424 1.352   222 
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Fig. 45. XRD profile obtain from bulk material containing Zr3(Al0.9Si0.1)C2 ZrC, and Zr5Si3. 
 

 

 
Fig. 46. XRD profile obtain from powdered material containing Zr3(Al0.9Si0.1)C2 ZrC, and Zr5Si3. 
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4.3.3 TEM characterisation 

 

The microstructure of the material containing pristine Zr3(Al0.9Si0.1)C2 is shown in the 

micrographs in Fig. 46 and Fig. 47 which show large Zr3(Al0.9Si0.1)C2 grains, and the 

grains from the two impurity phases ZrC, and Zr5Si3. SAED patterns obtained from 

different Zr3(Al0.9Si0.1)C2 grains are  shown in Fig. 46b, Fig. 46d and Fig. 46f. In Fig. 

46, the asterisk on images (a, c, and e) denote the Zr3(Al0.9Si0.1)C2 grain from which 

SAED patterns (b, d and f) are taken. The electron diffraction patterns are in complete 

agreement with the crystal structure of Zr3(Al0.9Si0.1)C2 (hexagonal, P63/mmc, space 

group 194) with the lattice parameters a = 3.3  Å and c = 19.9 Å. 

 

SAED patterns obtained from different grains are shown in Fig. 47b, Fig. 47d and Fig. 

47f. In Fig. 47, the arrows on micrographs (a, c, and e) denote the grain from which 

SAED patterns (b, d and f) are taken. The SAED pattern shown in Fig. 47b is taken 

from the grain in Fig. 47a and corresponds to the crystal structure of Zr5Si3 (hexagonal, 

P63/mcm, space group 193) with the lattice parameters a = 7.9 Å and c = 5.6 Å. The 

SAED pattern shown in Fig. 47f is taken from the grain in Fig. 19e and corresponds 

to the crystal structure of ZrC (cubic, Fm3'm, space group 225) with the lattice 

parameters a = 4.6 Å and These values are also consistent with crystallographic 

information obtained by XRD in section 4.3.2. 

 

The majority of Zr3(Al0.9Si0.1)C2 grains were free from defects, shown in the TEM 

micrographs in Fig. 46 and Fig. 47. Some grains had SFs that span across the entire 

grain length, shown in the micrograph in Fig. 46e. In other Zr3(Al0.9Si0.1)C2 grains, a 

high number of stacking faults could be seen. These features are thought to have been 

produced during the synthesis process and are thought to be attributed to stacking 

faults as a result of missing layers in the Zr-(Al,Si)-C nano-structure. Importantly, 

grains with these features were almost entirely covered with these stacking faults, thus 

making it possible to distinguish these defected grains from non-defected grains. TEM 

analysis from the irradiated Zr3(Al0.9Si0.1)C2 will therefore focus on grains that do not 

have these features. 
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Fig. 47. TEM BF micrographs and SAED patterns from material containing Zr3(Al0.9Si0.1)C2 ZrC 
and Zr5Si3. The asterisk on images (a, c, and e) denote the Zr3(Al0.9Si0.1)C2 grain from which SAED 
patterns (b, d and f) are taken. The SAED patterns have the zone axis (b)[1-1-20], (d)	[1-21-0]	and 
(f)	[1-21-0]	. 
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Fig.48. TEM BF micrographs and SAED patterns from material containing Zr3(Al0.9Si0.1)C2 ZrC 
and Zr5Si3. The asterisk denotes the grains from which the adjacent diffraction pattern is taken. (a) 
grain of Zr5Si3 and its corresponding SAED pattern (b) with the zone axis 	[211----0], (c) grain 
showing basal plane defects on Zr3(Al0.9Si0.1)C2 and a corresponding SAED pattern (d) with zone 
axis [1-1-20]. (e) nano-grain of ZrC and its corresponding diffraction pattern with zone axis [011]. 
 



Chapter 4                                          Results: pristine Zr2AlC and Zr3(Al0.9Si0.1)C2  

 81 

4.4 Discussion 

 

Generally speaking, most MAX phases share similar microstructural features, such as 

their grain size and shape [45,48,62,74–76]. Most MAX phase-rich materials known to 

date are not entirely pure and commonly contain secondary and ternary impurity 

phases. These impurity phases are most usually the MX component of the MAX phase, 

for instance in Ti3AlC2, Ti3SiC2 and Ti2AlC, the most abundant secondary phase is TiC 

[62,77]. In Zr-based MAX phases, the secondary phase is ZrC [2,5,1] and is present in 

the pristine Zr2AlC and Zr3(Al0.9Si0.1)C2 MAX phase rich material used in this study.  

 

One major observation on the surface of both of the MAX phase rich materials used 

in this study is the presence of surface cracks. These trans-granular cracks are common 

on most MAX phases [45,48,62,74–76]. The separation of the basal layers can occur 

under internal stresses created during the synthesis procedure or during sample 

preparation. The delamination along the basal planes is largely due to the relatively 

weak M-A metallic bonds. Thus, residual stresses in the material are likely to cause 

these bonds to separate, which in turn, can give rise to basal plane cracks.  

 

Diffraction studies have shown that the crystallinity of both phases is high, and no 

regions of disordered material were detected. Defects were entirely absent in Zr2AlC, 

which shows that this phase is virtually defect free. This is advantageous for analysing 

the effects of ion irradiation on this phase, reported in the next chapter, as any 

modifications to the nature of defects in Zr2AlC will be as a direct cause of the ion 

bombardment. No significant disparities between different regions of the specimen 

were observed. As opposed to Zr2AlC, more defects in Zr3(Al0.9Si0.1)C2 were observed. 

These were mainly parallel arrays of long stacking faults, that span across the entire 

grain length. These features are most likely evidence of missing (Al,Si) layers within 

the Zr3(Al0.9Si0.1)C2 structure. Grains with these features were largely in-between larger 

MAX phase grains. However, not all  Zr3(Al0.9Si0.1)C2 grains had these defect features. 

SAED showed that although there may be stacking faults in these grains, the 

crystallinity of Zr3(Al0.9Si0.1)C2 was very high. Although no significant disparities 

between different regions of the specimen were observed, it should be noted that some 
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Zr3(Al0.9Si0.1)C2 grains had a high density of stacking faults, but grains that did not show 

these features were free from defects. Therefore, grains that do not show these distinct 

arrays of stacking faults will be chosen for TEM characterisation in Zr3(Al0.9Si0.1)C2 

once it is irradiated. 

 

 

4.5 Summary  

 

Material characterisation was undertaken to highlight the fundamental microstructural 

features of pristine materials containing both Zr2AlC and Zr3(Al0.9Si0.1)C2 using SEM, 

XRD, and TEM. Results from this study allowed for the effects concurred by the ion 

irradiation on these materials, reported in the next chapters, to be distinguished from 

the intrinsic characteristics of the unirradiated material. SEM showed that both 

materials used in this study have surface trans-granular cracks that are characteristic to 

most MAX phases. XRD has confirmed the crystal structure of these phases and 

Rietveld refinement has given an estimation of the ratios of the MAX phase with 

respect to the impurity phases. XRD also showed that both MAX phases have a high 

degree of crystallinity. SAED patterns revealed that both MAX phases were highly 

crystalline and matched well with crystallographic data from XRD measurements. 

TEM micrographs showed that Zr2AlC MAX phase grains were virtually free from 

defects, whereas in Zr3(Al0.9Si0.1)C2, some grains were shown to have features that were 

attributed to missing layers in the MAX phase nano-structure. However not all 

Zr3(Al0.9Si0.1)C2 grains had these features. 
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5.  Results: irradiation damage in Zr2AlC  

 

 
5.1 Introduction  

 

The first ever results of the response of Zr2AlC MAX phase to irradiation are reported 

in this chapter. Here, Zr2AlC MAX phase-based ceramic material with 33 wt.% ZrC 

has been irradiated with 22 MeV Au7+ ions between room temperature and 600°C, 

achieving a maximum nominal midrange dose of 3.5 dpa. Ideally, pure Zr2AlC would 

have been irradiated, but producing material with total phase purity remains a challenge 

for ceramic processing. The Zr2AlC MAX phase material synthesised to date has large 

fractions of a secondary phase, as discussed in section 3.2.1. The response of the 

material to irradiation has been studied using SEM, TEM and XRD. The results are 

presented and discussed in the following section. 

 

 

5.2 Irradiation-induced surface microcracking 

 

Topographical disparities developed as a result of irradiation. SEM micrographs of 

Zr2AlC taken from samples at different irradiation conditions and heat treatments are 

presented in Fig. 49 (a-f): (a) 3.5 dpa at RT, (b) 3.5 dpa at 300°C, (c) 3.5 dpa at 600°C, 

(d) 1.0 dpa at RT, (e) 1.0 dpa at 300°C, (f) 1.0 dpa at 600°C, (g) 0.0 dpa at RT, (g) 0.0 

dpa at 300°C, and  (i) 0.0 dpa at 600°C. The most prominent effect observed across 

all conditions is the development of microcracks as a result of irradiating at 300°C. By 

comparison, no microcracks were observed at either RT or 600°C irradiation 
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conditions. The microcracks that formed as a result of ion irradiation at 300oC were 

all intergranular. In an attempt to establish whether the microcracking was induced by 

the ion irradiation or by the annealing treatment, unirradiated samples were annealed 

at identical rates (i.e. identical heating and cooling rates and dwell times) to the 300oC 

irradiation experiment but were shown not to crack, shown in Fig. 49h and Fig. 49i.  

This observation suggests that the microcracks arose as the result of the combined 

phenomena of irradiation and temperature. To quantify the degree of surface cracking 

induced by the heat treatments and irradiation, randomly oriented lines were drawn on 

the SEM images. The average number of interceptions between the line and the cracks 

were then measured. Measurements on the 300oC sample were shown to be 0.092 and 

0.093 cracks/µm for 1.0 and 3.5 dpa conditions respectively, i.e. very similar. A 

distribution of the average crack length was also measured from the SEM images. A 

random surface area equivalent to 100 µm2 was chosen and the total length of all the 

cracks were measured. This area is marked on Fig. 50 and Fig. 51.  Measurements of 

average crack length from both samples irradiated at 300oC to both 1.0 and 3.5 dpa are 

presented in Table 8. It can be deduced that the average number of cracks is almost 

identical on both samples. 
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Fig. 49. Backscattered SEM micrographs of Zr2AlC at different ion irradiation conditions (a) 3.5 
at dpa at RT, (b) 3.5 dpa at 300°C, (c) 3.5 dpa at 600°C, (d) 1 dpa at RT, (e) 1.0 dpa at 300°C, (f) 
1.0 dpa at 600°C, (g) 0.0 dpa at RT, (h) 0.0 dpa at 300°C and (i) 0.0 dpa at 600°C. The scale marker 
in (g) is the same for all images. 
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Fig. 50. Backscattered SEM micrographs of Zr2AlC irradiated to 1.0 dpa at 300°C, (a) area marked 
for crack length distribution calculation, (b) inter-granular cracks and (000l) cracks characteristic of 
MAX phases, (c) inter-granular cracks around the Zr2AlC grains.   
 

 
Fig. 51. Backscattered SEM micrographs of Zr2AlC irradiated to 3.5 dpa at 300°C, (a) area marked 
for crack length distribution calculation, (b) and (c) inter-granular cracks around the Zr2AlC grains.   
 

 



Chapter 5                                                   Results: irradiation damage in Zr2AlC 

 87 

Table 8. Distribution of measured crack lengths (µm) obtained from Zr2AlC-based material 
irradiated with Au7+ ions irradiated to 1.0 and 3.5 dpa at 300°C. The crack length was measured 
from the marked areas in Fig. 50 and Fig. 51. 
 

Crack number Irradiation level 
1.0 dpa 3.5 dpa 

1 3.612 7.224 
2 19.264 4.816 
3 30.100 7.224 
4 30.702 5.418 
5 19.264 4.214 
6 5.418 17.458 
7 12.642 26.488 
8 4.214 4.816 
9 1.806 2.408 
10 12.642 27.692 
11 25.886 3.612 
12 6.020 13.244 
13 23.478 12.040 
14 15.652 10.836 
15 19.264 5.418 
16 5.418 3.612 
17 8.428 14.448 
18 7.826 21.070 
19 9.030 7.224 
20 20.468 19.264 
21 2.408 19.866 
22 11.438 12.642 
23 1.806 14.448 
24 9.632 9.632 
25 3.612 6.622 
26 4.214 21.070 
27 7.224 3.010 
28 15.05 23.478 
29 9.030 6.622 
30 6.020 - 
31 7.826 - 
32 16.856 - 
33 4.214 -    

Total crack length (µm) 380.464 335.916 
Average crack length (µm) 11.53 11.58 
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5.3 XRD analysis  

 

The XRD patterns collected from Zr2AlC before and after irradiation at RT, 300oC 

and 600°C, irradiated to 1.0 and 3.5 dpa respectively are presented in Fig. 52 and Fig. 

53. The patterns are displayed between 30 and 60o 2θ: this range covers the majority of 

the intense diffraction reflections in Zr2AlC, while maintaining a reasonably stable X-

ray interaction volume in the sample. Reflections from the secondary  phase ZrC are 

also labelled. It should be noted that there are no obvious Bragg reflections relating to 

other phases. 

 

 

5.3.1 Room temperature irradiation 

 

It is evident that RT irradiation changes the crystal structure of the Zr2AlC. At both 

1.0 and 3.5 dpa, a major drop in the intensity of the reflections and peak broadening 

were observed. This drop in intensity indicated a loss in crystallinity and the peak 

broadening suggested the accumulation of micro-strain within the Zr2AlC grains. The 

most prominent modification is the decrease in intensity of the 013 and 006 reflections 

at 1.0 dpa. These reflections are suppressed further at 3.5 dpa. In addition, a very broad 

peak, characteristic of scattering from amorphous material, forms between 32 and 40o 

2θ. Again, the hump-like peak is more significant at 3.5 dpa. This further suggested 

that higher irradiation doses resulted in greater damage to the crystalline material. The 

reflections from the  secondary phase ZrC are marked with a circle in Fig. 52 and Fig. 

53; these peaks do not seem to be affected by irradiation. The effect of irradiation on 

the crystalline peaks at RT is also notably much greater than at higher temperatures. 

RT irradiation does not appear to suggest a phase transformation, but rather 

amorphisation of the Zr2AlC.  

 

5.3.2 High temperature irradiation 

 

In comparison with RT experiments, the crystallinity of Zr2AlC is better maintained 

upon irradiation at 300oC at both doses. This implies that Zr2AlC exhibits an enhanced 
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crystal recovery upon irradiation at high temperatures. As expected, irradiation at 3.5 

dpa suggests a suppression in crystallinity relative to 1.0 dpa: a drop in intensity of the 

013 and 006 reflections is apparent and an enhanced amorphous hump which is visible 

between 32o and 40o 2θ. Most obviously, irradiation at this temperature produces 

substantial peak broadening of the 101, 006, 013 and 104 reflections. The broadening 

infers a build-up of micro-strain, consistent with an increase in the density of defects. 

At the highest irradiation temperature, 600oC, the phase remains almost unaltered at 

both doses, with only minor modifications to the intensities and a slight peak 

broadening. The 006 reflection is the most suppressed. The pattern suggests that any 

amorphous hump present would be incorporated in the background. These 

observations imply that temperature has a substantial effect on the recrystallisation of 

Zr2AlC upon irradiation.  
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Fig. 52. XRD patterns collected from the material before and after irradiation to 1.0 dpa at RT, 
300°C, and 600°C respectively. The peaks marked with a circle correspond to the secondary ZrC 
phase. 
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Fig. 53. XRD patterns collected from the material before and after irradiation to 3.5 dpa at RT, 
300°C, and 600°C respectively. The peaks marked with a circle correspond to the secondary ZrC 
phase. 
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Lattice parameter measurements were recorded from the 2θ positions. It should be 

noted that the penetration of the X-rays is deeper than the stopping range of Au7+ in 

Zr2AlC, but the contribution from the non-irradiated bulk is not expected to have 

affected the comparison between irradiated samples.  Lattice parameter measurements 

from all the XRD patterns are summarised in Table 9. Measurements reveal that there 

is little distortion in both a and c parameters at all doses, precluding a subtle change 

upon irradiation at 600oC at both 1.0 and 3.5 dpa. The effect of increasing dose on 

lattice parameter changes are better summarised in Fig. 54 and Fig. 55.  

 
 
Table 9. Lattice parameters of Zr2AlC measured from 2θ positions XRD profiles obtained at 
different irradiation conditions. 
 

 

Damage 
(dpa) 

Temperature 
(oC) 

a-lattice 
parameter  

(Å) 

c-lattice 
parameter  

(Å) 

Change a-
parameter 

(%) 

Change c-
parameter 

(%) 
0.0 RT 3.323(7) 14.570(5) - - 
0.0 300 3.319(9) 14.561(1) -0.1136 -0.0378 
0.0 600 3.321(6) 14.565(9) -0.0619 -0.0045 
1.0 RT 3.323(2) 14.562(4) -0.0117 -0.0286 
1.0 300 3.325(5) 14.574(3) 0.0571 0.0530 
1.0 600 3.310(8) 14.653(3) -0.3860 0.5950 
3.5 RT 3.325(4) 14.576(7) 0.0528 0.0691 
3.5 300 3.322(5) 14.565(5) -0.0333 -0.0095 
3.5 600 3.313(1) 14.626(5) -0.3177 0.4113 
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Fig. 54.  Lattice parameters (a-parameters) of Zr2AlC as a function of dpa. LP measurements from 
the pristine sample, the samples heat treated to 300°C and 600°C, and the samples irradiated at 
both 1 and 3.5 dpa at RT, 300°C and 600°C are show. The dotted lines connect points that are 
measured from material irradiated at the same temperature.  
 

 

 
Fig. 55.  Lattice parameters (c-parameters) of Zr2AlC as a function of dpa. LP measurements from 
the pristine sample, the samples heat treated to 300°C and 600°C, and the samples irradiated at 
both 1 and 3.5 dpa at RT, 300°C and 600°C are show. The dotted lines connect points that are 
measured from material irradiated at the same temperature.  
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5.4 TEM analysis 

 

SAED patterns from lamellae extracted from Zr2AlC irradiated at different conditions 

are shown in Fig. 56. The lamellae were extracted from the irradiated region at a depth 

of between 2-4 µm below the surface, which corresponds to the maximum nominal 

midrange dose (Fig. 48). The selected zone axes were taken to show the diffraction 

spots along the (000l) set of reflections. Diffuse scattering halo rings were observed at 

both RT irradiation conditions. These distinct halo rings are indicative of the loss of 

long-range atomic order and amorphisation. These observations complement the 

XRD patterns, which also suggest an extensive loss in crystallinity and the formation 

of disordered material. SAED patterns from Zr2AlC irradiated at 300°C and 600°C 

reveal that the phase remains highly crystalline following irradiation, again consistent 

with interpretations from XRD patterns. 

 

 
Fig. 56. SAED patterns of Zr2AlC grains irradiated with 22 MeV Au7+ ions at different irradiation 
conditions (a) 3.5 dpa at RT, (b) 3.5 dpa at 300°C, (c) 3.5 dpa at 600°C, (d) 1.0 dpa at RT, (e) 1.0 
dpa at 300°C, (f) 1.0 dpa at 600°C. The patterns are obtained from different samples and are taken 
at different zone axes but largely presenting the [000l] zone axis. 
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A micrograph of Zr2AlC irradiated to 1.0 dpa at RT is shown in Fig. 57a, regions 1 and 

2 highlight the areas from which SAED patterns were obtained. The SAED patterns 

show the varying level of crystallinity as a function of depth below the surface. The 

SAED pattern shown in Fig. 57b was obtained from region 1 on Fig. 57a, here a degree 

of diffraction spot streaking can be seen along with a diffuse halo ring. This suggests 

that Zr2AlC in this region is partially disordered. The SAED pattern shown in Fig. 57c 

was obtained from region 2 of Fig. 57a, here a halo ring typical to amorphous scatter 

is observed, showing Zr2AlC to be highly disordered. As anticipated from SRIM 

estimations, these SAED patterns show that there is a higher degree of crystal damage 

approx. 2-3 µm below the surface. It should be noted that the thickness of the TEM 

lamella is uniform. 

 

 
Fig. 57. (a) BF TEM micrograph of Zr2AlC irradiated with Au7+ ions to 1.0 dpa at RT, (b) SAED 
pattern obtained from region 1, and (c) SAED pattern obtained from region 2. 
 

The pristine region of Zr2AlC revealed the grains to be distinctively featureless from 

defects. Very few dislocations and stacking faults were observed, which is typical of 

unirradiated MAX phase ceramics.  The irradiation of the MAX phase introduces a 

high density of dislocations and stacking faults, most notably upon irradiation at high 

temperature.  The defects observed in Zr2AlC were mainly dislocations and stacking 

faults. Dislocations (500 nm long in projection) were most usually scattered 500 nm 
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apart in the irradiated region and were scarce. Stacking faults can either propagate 

across a grain between two grain boundaries, propagate partially across the grain to a 

cluster of dislocations, or be bound by two dislocations within the grain (Fig. 58). 

 

 
Fig. 58. Schematic of defect types observed in irradiated Zr2AlC 
 

At both doses irradiated at RT, the Zr2AlC became partially amorphous and developed 

a low density of dislocations. At 300oC amorphous regions were not evident, but there 

was a noticeable increase in dislocation density. The defects present were arranged in 

large clusters, predominantly along the basal planes: these are consistent with defects 

observed in other irradiated MAX phases [48]. Large stacking faults decorated with 

dislocations were seen in some irradiated regions, shown in Fig. 59, Fig. 60 and           

Fig. 62. 

 

The micrographs in Fig. 59 show dislocations and stacking faults in Zr2AlC irradiated 

to 3.5 dpa at 600oC. Parallel arrays of stacking faults were observed. The majority of 

the MAX phase grains were decorated with a low density of large dislocations (Fig. 59 

a). The contrast from these faults is not uniform along a given line. Upon observation 

at different orientations, distinctive stacking faults along the basal plane are seen to be 

bound by perpendicular dislocations (Fig. 59b). As marked on the figure, the partial 

dislocations are labelled D1-D4 and stacking faults labelled SF1-SF4. Trace analysis 

showed that the dislocations lie on the basal planes. Two beam conditions were used 

to determine the Burgers vector b of the dislocations through the invisibility condition 
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g · b = 0 for suitable diffracting reciprocal lattice vectors g (Fig. 61). When g vectors 

lying in the [1120] zone were selected for these two beam conditions, the contrast of 

the dislocations relative to the background of the grains was always weak (similar to 

the contrast seen in Fig. 61c), consistent with what is expected for the invisibility 

criteria. Conversely for g vectors not in this zone, the same dislocations gave strong 

contrast, such as in the [1210]	zone in Fig. 61. Hence it can be concluded that the 

Burgers vector of these dislocations are !
"
[1120]. 

 

 
Fig. 59. Defects in Zr2AlC irradiated to 3.5 dpa at 600oC: (a) (A) arrays of parallel stacking faults 
across the whole grain, (B) faceted grain boundary and (C) stacking fault bound by dislocations. 
(b) Stacking faults labelled SF1-SF4 are bound by dislocations labelled D1-D4 are situated within 
the grain and are on the (000l) planes. 
 

 
Fig. 60. Defects in Zr2AlC irradiated to 3.5 dpa at 300oC: (a) showing dislocations (b) Arrays of 
dislocations (approx. 1 µm in projection). 
 



Chapter 5                                                   Results: irradiation damage in Zr2AlC 

 98 

 
Fig. 61. Features along the (000l) axis on Zr2AlC irradiated to 3.5 dpa at 600°C: (a) Stacking faults 
and dislocations on the 000l planes, its corresponding SAED is indexed (b). (c) The same defects 
imaged at the orientation from the SAED (d), showing weak contrast. 
 

 
Fig. 62. BF TEM micrographs of defects on Zr2AlC irradiated by Au7+ions to 3.5 dpa at RT. 
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5.5. Discussion 

 

5.5.1 Defect evolution in Zr2AlC 

 

Irradiation temperature normally has a great influence on the microstructural response 

of a material to irradiation. At low temperatures, defects created by energetic ions have 

very low mobility and tend to accumulate until newly created defects annihilate pre-

existing ones. The defect accumulation is characteristically proportional to the dose. 

Prolonged irradiation of ceramics at low temperatures typically leads to amorphisation 

[78–80]. This is observed upon the irradiation of Zr2AlC at room temperature, where 

the phase only retained partial crystallinity. As a result of the lack of thermal energy in 

the Zr2AlC crystal system at room temperature, defects did not diffuse or combine 

into particular low energy defect zones. These zones are along the basal planes (000l) 

for the hexagonal crystal structure of Zr2AlC. As a result of this poor dynamic defect 

recovery, there is an overall net accumulation of defects localised in the damaged 

region.  

 

The XRD and TEM results show the susceptibilities of Zr2AlC to irradiation-induced 

amorphisation. Prolonged irradiation causes the damage instigated by the ion particles 

to increase and the multilayer crystal structure of Zr2AlC eventually disappears, 

becoming amorphous. This is observed in RT irradiation at 1.0 dpa in Fig. 52. This 

analysis is further supported by the decrease in crystallinity observed at 3.5 dpa relative 

to 1.0 dpa irradiation. The drop in intensity from XRD reflections reveals that there is 

a substantial decrease in crystal order at both 1.0 and 3.5 dpa. Further, the formation 

of the broad hump-like peak suggests that the phase becomes amorphous. This is also 

supported by the TEM SAED micrographs from Fig. 56, which reveal a distinctive 

amorphous halo ring. Bugnet et al. [81] observed amorphisation in Cr2AlC upon RT 

irradiation, and Wang et al. [61] showed that the prolonged irradiation of Cr2AlC 

exhibited a decrease in phase crystallinity at room temperature. Wang et al. also 

reported that V2AlC gradually transformed into face-centred cubic (fcc) structure from 

the original hexagonal structure without amorphisation  [61]. Contrary to the findings 

of previous studies on other MAX phases, the XRD and SAED results of this study 
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showed no evidence of irradiation-induced crystalline phase transformations in 

Zr2AlC. This suggests that Zr2AlC is more stable under ion irradiation than other 211-

type MAX phases. 

 

Defects with the lowest formation energies are the most likely to be created as a result 

of ion bombardment. Ab initio simulations of defect formation in Zr2AlC have been 

reported by Shah et al. [82]. Although these calculations can only suggest the irradiation 

tolerance of this phase, they can give an indication of the likelihood of certain elements 

to form defects, as well as their corresponding defect types. They report that the 

preferred defects in Zr2AlC are a Frenkel pair of an Al vacancy and Al interstitial (VAl 

and AlI) but also energetically favourable antisites of Zr and Al (ZrAl + AlZr). This 

means that the Al component is most likely to form interstitial defects and that Zr and 

Al are likely to exchange sites in the layered structure. Zr2AlC is a low-density layered 

crystal structure that has sufficient space between its layers, which can easily 

accommodate interstitial atoms. Their findings suggest that these defects preserve the 

lattice coherence and offers a viable recovery mechanism during irradiation which 

makes the material highly radiation tolerant. 

 

Irradiation of Zr2AlC at higher temperatures offers defects created by the irradiation 

much higher mobility, consequently allowing defects migrate to recombine with sessile 

vacancies or agglomerate to form dislocations and stacking faults. After irradiation 

above 300oC, the microstructure of Zr2AlC revealed a higher degree of crystallinity, 

and TEM showed the presence of a number of crystal defects in the irradiated zone 

(Fig. 62). These were mainly dislocation lines and stacking faults. At 300oC and 600°C 

defect mobility was high and defects were able to relax into lower energy zones. Both 

XRD reflections and TEM micrographs revealed that the structure remained highly 

ordered but with an increased density of crystal defects, mostly dislocations.  

 

5.5.2 Crack development 

 

Clark et al. [75] observed an interesting crack-development phenomenon upon 

irradiating Ti3AlC2. They reported the appearance of surface cracks at 400oC irradiation 
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conditions, but not at either RT or 700oC. These cracks were described to form as a 

result of the anisotropic swelling of the material and were shown to be highly 

correlated with lattice parameter distortions, which were highest at 400oC. The cause 

of intergranular cracks here on irradiated Zr2AlC at only 300oC conditions follows 

similar trends to work by Clark et al. but the cause of the cracks is thought to be 

different. Firstly, in Zr2AlC, it is apparent that the highest distortions in lattice 

parameters are upon irradiation at 600°C (Table 9). The slight increase in c parameter 

and decrease in a-parameter is consistent with other irradiated MAX phase work 

[46,58,60]. However, the distortions are still relatively low at 600°C and consequently 

no cracks appeared. Secondly, unlike Zr2AlC, Ti3AlC2 shows no sign of amorphisation 

even after RT irradiation. Clark et al. describe the changes in lattice parameters and 

swelling at 400oC to be in the ‘point defect swelling regime’: a stage of temperature and 

irradiation-related volumetric swelling whereby the magnitude of swelling is 

significantly higher at a material-specific temperature range. The lack of amorphisation 

at 300oC in our work here suggests that structured defects contribute to the 

microstructural strain in Zr2AlC. 

 

While cracking was observed in Zr2AlC at 300oC but not at RT or 600°C (Fig. 49), 

there was no correlation between the bulk swelling of the material and the formation 

of cracks. Therefore, it is suggested that lattice parameter distortions are not the cause 

of crack development. XRD reflections broaden when crystal imperfections are 

introduced. The large peak broadening from XRD patterns at 300oC suggests that 

lattice defects are present in abundance, which is also apparent from TEM 

micrographs. This abundance of dislocations and other strain fields such as stacking 

faults, twin faults or layer disorder develops excessive micro-strain in the grains. In 

Zr2AlC the excessive strain led to the swelling of the grains and resulted in the 

development of intergranular cracks exclusive to the grain boundaries. In an 

experiment to study the effects of irradiation of bulk Mo at various temperatures, 

Birmhall et al. [83] showed that swelling in their material was formed as a consequence 

of the build-up of immobile defects. They found that swelling decreased as the defects 

become more mobile and fell into sinks at temperatures above 300oC. This is what is 
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suggested to be the case in Zr2AlC, whereby Al interstitials and vacancies diffuse to 

form dislocation lines. 

 

The increase in XRD peak broadening is suggestive of micro-strain, which is thought 

to be the cause of crack formation in Zr2AlC at 300oC. It is important to note that the 

influence of thermal expansion between the two phases, Zr2AlC and ZrC (33 wt. %), 

has been disregarded in this analysis. Differential swelling of the two phases in this 

material would have resulted in crack formation at both 300°C and 600°C, but this is 

clearly not the case. It is thought that the cracking forms solely as a result of the micro-

strain development from Zr2AlC, though this does not explain the lack of crack 

formation at 600°C.  

 

Linking the defect density observed through TEM micrographs, there was an obvious 

increase in the density of defects at 300oC irradiation conditions. However, it was 

difficult to quantify and compare the defect densities with 600oC irradiation conditions. 

XRD reflections revealed that the micro-strain at 600oC was much less noticeable than 

at 300oC irradiation conditions, which further supports the hypothesis that the 

microcracking arises as a consequence of internal micro-strain. 

 

 

5.6 Conclusions  

 

Zr2AlC-rich material was irradiated with 22 MeV Au7+ ions reaching estimated damage 

levels of 1.0 and 3.5 dpa. Results from XRD and SAED analysis in the damaged region 

between 1 and 4 µm below the irradiated surface suggested a high post-irradiation 

stability of the Zr2AlC phase, but that the phase became predominantly amorphous at 

RT at both 1.0 and 3.5 dpa. The degree of crystallinity was higher upon irradiating at 

300°C and 600°C. 

 

TEM analysis showed that Zr2AlC has a higher density of crystal defects following 

irradiation at high temperatures, and that there was an increase in (0001) stacking faults 

across most MAX phase material. XRD revealed that at 300oC defects agglomerated 



Chapter 5                                                   Results: irradiation damage in Zr2AlC 

 103 

to form defect clusters, reducing amorphisation but increasing lattice strain. This 

indicated that the temperature of the point defect annihilation region for Zr2AlC is 

around 300oC: above this range, the mobility of defects is sufficient to suppress 

amorphisation. The temperature-dependent microcracking phenomenon observed at 

300oC suggested that the defects, mainly Al interstitials agglomerated into defect zones 

along the basal planes in Zr2AlC. However, these defect clusters caused high lattice 

strains as they were not able to relax into optimum low energy clusters. This build-up 

of defects resulted in intergranular cracking that was exclusively observed at the grain 

boundaries.  

 

According to the results from these particular irradiation experiments, Zr2AlC does 

not have a high resistance to irradiation damage at low temperatures. The 

microcracking observations show that it could only be considered fit for structural 

applications at continuous operating temperatures above 300oC. Under these 

circumstances, the irradiation tolerance and low neutron absorption cross-section of 

this phase may be very advantageous. 
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6. Results: irradiation damage in Zr3(Al0.9Si0.1)C2 

 

 
6.1 Introduction  

 
Zr3(Al0.9Si0.1)C2 MAX phase-based ceramic with 22% wt. ZrC and 10% wt. Zr5Si3 has 

been irradiated with 52 MeV I9+ ions at room temperature, achieving a maximum 

nominal midrange dose of 8.5 displacements per atom. The response of this MAX 

phase to irradiation has been studied using scanning electron microscopy, transmission 

electron microscopy and X-ray diffraction techniques. Post-irradiation examination of 

the material revealed a number of crystalline changes to the MAX phase. The results 

are presented and discussed in this chapter. 

 
6.2 Topography 

 

BSE SEM images of material containing Zr3(Al0.9Si0.1)C2 irradiated at damage levels (a) 

1.0  dpa, (b) 3.5 dpa, (c) 5.0 dpa, (d) 8.0 dpa, (e) 8.0 dpa annealed at 300°C, and (f) 8.0 

dpa annealed at 600°C are shown in Fig. 63. The scale marker in (e) is the same for all 

images. Post-irradiation examination of all the irradiated materials revealed no 

topographical discrepancies relative to the pristine sample, indicating that the ion 

irradiation did not alter the topography of the phases to any noticeable level.   
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Fig. 63. BSE SEM micrographs of material containing Zr3(Al0.9Si0.1)C2 irradiated at damage levels 

(a) 1.0  dpa, (b) 3.5 dpa, (c) 5.0 dpa, (d) 8.0 dpa, (e) 8.0 dpa annealed at 300°C, and (f) 8.0 dpa 

annealed at 600°C. The scale marker in (e) is the same for all images. 
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6.3 XRD analysis 
 
XRD patterns collected from the material containing Zr3(Al0.9Si0.1)C2 before and after 

irradiation to 1.5, 3.5, 5.0, and 8.0 dpa are presented in Fig. 65. The patterns are 

displayed between 30 and 70o 2θ: this range covers the majority of the intense 

diffraction reflections in Zr3(Al0.9Si0.1)C2. Reflections from the secondary and ternary 

phases, ZrC and Zr5Si3 are also marked, as well as a relatively strong peak 

corresponding to ZrAl2. ZrAl2 is only detectable on patterns obtained from the material 

irradiated at and above 3.5 dpa. It should be noted that there were no obvious Bragg 

reflections relating to other phases, although other intermetallic phases may be present, 

particularly those with similar Bragg reflections to the four phases identified. 

 

From these XRD patterns, it is evident that the heavy ion irradiation has caused a 

significant modification to the material as a whole, but mostly to the Zr3(Al0.9Si0.1)C2 

phase. After irradiation to 1.5 dpa the MAX phase retained a high level of crystallinity, 

indicated by the sharp diffraction peaks corresponding to the MAX phase. However, 

the majority of the peaks broaden, most noticeably the 103 reflection. The intensities 

of reflections along the 00l planes also weaken as the irradiation dose increases. Peak 

broadening suggests the build-up of microstrain along [001]; this is consistent with an 

accumulation of interstitial point defects introduced into the material as a consequence 

of the irradiation. 

 

After irradiation to 3.5 dpa, it is clear that the intensities of many of the MAX phase 

reflections have been reduced, indicating the loss of crystalline long-range order. The 

appearance of the broad contribution to intensity between 31 and 40° 2θ, typical of 

amorphous scatter and centred around the most intense 103 peak, is indicative of the 

loss of crystalline long-range order and corresponds to a large fraction of disordered 

material. The broad hump is even more prominent at 5.0 dpa, and most noticeable at 

8.0 dpa. This trend is consistent with amorphisation behaviour in ceramic materials, 

with higher irradiation doses resulting in greater loss of crystallinity under the room 

temperature irradiation conditions used here [19], rather than with the damage 

saturation behaviour seen after heavy high temperature ion irradiation of irradiated 



Chapter 6                                            Results: irradiation damage in Zr3(Al0.9Si0.1)C2 

 106 

Ti3AlC2 and Ti3SiC2, where these MAX phases both retain their crystallinity, and where 

at these elevated temperatures migrating interstitials are able to recombine with 

immobile vacancies [58]. At both 5.0 and 8.0 dpa, the reflections corresponding to 

Zr3(Al0.9Si0.1)C2 are increasingly weaker, implying that its layered structure becomes 

progressively more disordered. 

 

 
 
Fig. 64. Backscattered electron (BSE) image of the microstructure of pristine 
Zr3(Al0.9Si0.1)C2 and ZrC grains. Cracks characteristic of MAX phases can also be seen 
in some grains, along (0001) planes. 
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Fig. 65. XRD patterns collected from the material before and after irradiation to 1.5, 
3.5, 5.0 and 8.0 dpa at RT. 
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Alongside the development of disordered material, there is also an increase in the 

intensity of reflections corresponding to the secondary phase ZrC. This is attributed 

to the decomposition of Zr3(Al0.9Si0.1)C2. The intensity of ZrC is maintained and 

increased after irradiation at all doses, suggesting that the MAX phase decomposition 

is enhanced at progressively higher doses. The extent of damage between pristine ZrC 

and the material irradiated to 8.0 dpa is seen in Fig. 5. The broadening of the ZrC 

peaks at 30.1 and 38.5 o 2θ suggests that the structure of ZrC is significantly damaged, 

possibly forming with many structural defects. A new peak appears at 40.7o 2θ upon 

irradiation to 3.5, 5.0 and 8.0 dpa. This reflection corresponds to a newly developed 

phase in this material: ZrAl2 or ZrSi2; both of these phases have very subtle differences 

in relative reflection intensities and peak positions. Zr(Al/Si)2 was not detected in the 

pristine material and is therefore presumed to develop as a result of the irradiation-

induced decomposition of Zr3(Al0.9Si0.1)C2.  

 

Other strong reflections from Zr(Al/Si)2 are also present in the diffraction patterns, 

but are overshadowed by the MAX phase and the high background of intensity 

between 30 and 40o 2θ. The reflections from this phase are identified in Fig. 5. It is 

suggested that this new phase develops from the irradiation of the Zr3(Al0.9Si0.1)C2 and 

that it is only present in the irradiated material. To maintain overall stoichiometry 

within the sample, the MAX phase may have also decomposed into other intermetallic 

phases. However, if such phases were present, they were not detectable by XRD either 

because they had reflections too close to those of the MAX phase or they had low 

reflection intensities below the high background present at these high doses. Lattice 

parameters of the irradiated material were measured at the 1.5 dpa level of irradiation 

and are shown in Table 11. Unfortunately, XRD profiles from higher doses were 

judged to have insufficient peaks for accurate measurements. At this 1.5 dpa level of 

irradiation, the lattice parameters of the MAX phase contract slightly in the a parameter 

but expand notably in the c parameter. This trend is consistent with most MAX phases 

after irradiation and is further discussed in Section 4. 
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Table 11. Lattice parameter measurements of Zr3(Al0.9Si0.1)C2 before and after 1.5 dpa 

RT irradiation. 

 

dpa a (Å) c (Å) % change a % change c 

0.0 3.332(8) 19.944(3) - - 

1.5 3.330(3) 20.069(3) -0.075 +0.631 

 

 

At progressively higher irradiation doses there is an increase of relative intensity 

observed in the 102, 103, 105, 106 and 110 reflections while the 101, 104, 107 and 109 

reflections reduce in intensity. These intensity changes are consistent with changes 

observed by Farber et al. in a similar phase, Ti3SiC2 [32]. They observed a polymorph 

of the Ti3SiC2 MAX phase identifiable as 𝛽-Ti3SiC2. This phase belongs to the same 

space group as the 𝑎-Ti3SiC2 polymorph, P63/mmc (194), where the atom arrangement 

is the same except that the Si atoms occupy the 2d Wyckoff position (2/3,1/3,1/4) 

rather than the 2b position (0,0,1/4). The unit cells of both types in Zr3(Al,Si)C2 are 

shown in Fig. 6. Observations from the XRD patterns of irradiated Zr3(Al0.9Si0.1)C2 

compared with simulated XRD patterns using the (Al,Si) component in both the 2b 

and 2d Wyckoff positions, shown in Fig. 66, suggests the development and existence 

of this polymorph in the irradiated material with increasing irradiation dose. The trend 

in changes of intensity suggests that the irradiation of Zr3(Al0.9Si0.1)C2 leads to the 

development of 𝛽-Zr3(Al0.9Si0.1)C2, a phase which belongs to the space group P63/mmc 

(194), where (Al,Si) atoms occupy the 2d Wyckoff position (2/3,1/3,1/4). 

 

The XRD profiles from the material irradiated to 8.0 dpa heat treated at both 300°C 

and 600°C respectively along with the non-annealed material irradiated to 8.0 dpa, are 

shown in Fig. 67. In principle, suitable post-irradiation heat treatment is able to allow 

irradiation-induced vacancies and interstitials in materials to diffuse and to enable the 

material to recover its pristine state. However, heat treatment of the sample irradiated 

to 8.0 dpa for one hour at 300°C only results in minor changes in the XRD reflections 

from Zr3(Al0.9Si0.1)C2: the (104) peak becomes slightly sharper, and the intensity of the 
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(105), (1,0,12) and (118) peaks are reduced. In addition, no other peaks corresponding 

to the MAX phase reappear. The relative intensity of the ZrC peaks is also little 

changed after this heat treatment. XRD reflections from the material heat treated at 

600°C for one hour also reveal very little change relative to the XRD pattern from the 

8.0 dpa irradiated material. Here, most of the peaks corresponding to Zr3(Al0.9Si0.1)C2 

are not changed, except for subtle broadening of the (103) peak. However, 

Zr3(Al0.9Si0.1)C2 peaks do become sharper. 

 

 
Fig. 66 Unit cells of (a) 𝛼-Zr3(Al,Si)C2  with (Al,Si) atoms in the 2b position and (b) 𝛽-
Zr3(Al,Si)C2 with (Al,Si) atoms in the 2d position. 
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Fig. 67. Simulated XRD patterns  from 𝛼-Zr3(Al,Si)C2  with (Al,Si) atoms in the 2b 
position and 𝛽-Zr3(Al,Si)C2 with (Al,Si) atoms in the 2d position. 
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 Fig. 68. XRD patterns collected from (i) the material irradiated at RT to 8.0 dpa, (ii) 
material irradiated at RT and then heat treated at 300 °C for 1 h, and (iii) material 
irradiated at RT to 8 dpa and then heat treated at 600 °C for 1 h. 
 

 
6.4 TEM analysis 

 

SAED patterns obtained from lamellae extracted from Zr3(Al0.9Si0.1)C2 irradiated at 

different conditions are shown in Fig. 69. The lamellae were extracted from the a depth 

of 7-8 µm below the surface, which corresponds to the maximum nominal midrange 

dose (Fig. 63). The selected zone axes were taken to show the diffraction spots along 

the (000l) set of reflections. At increasing irradiation doses, there is a reduction in the 

intensity of the spots along with the clear formation of a halo ring. Such halo rings are 

characteristic of scatter from amorphous material and are indicative of the loss of long-
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range atomic order and amorphisation. Observations from SAED patterns are 

complementary with XRD measurements at these irradiation doses. 

 

 
Fig. 69 SAED patterns obtained from Zr3(Al0.9Si0.1)C2 grains irradiated with 52 MeV 
I7+ ions at RT (a) 1.5 dpa, (b) 3.5 dpa, (c) 5.0 dpa, (d) 8.0 dpa. The patterns were 
obtained from different samples and were taken at different zone axes, but all include 
the [000l] systematic row of reflections. 
 

In contrast to irradiated Zr3(Al0.9Si0.1)C2 grains, which were almost featureless and 

without defects, irradiated Zr3(Al0.9Si0.1)C2 grains contained a high number of one- and 

two-dimensional defects. These defects were mainly stacking faults and dislocations. 

No dislocation loops characteristic of interstitial point defect clusters were observed 

Most dislocations appeared in arrays and were approx. 500 nm in length in projection. 

Stacking faults along the 000l planes propagated across the entire grain length of the 

MAX phase, shown in Fig. 70a. In Fig. 70b, mid-grain dislocations labelled D1 and 

D2 pin a stacking fault labelled SF. Other similar dislocations and stacking faults can 

also be seen along the basal planes.  
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A high number of defects were observed on Zr3(Al0.9Si0.1)C2  irradiated to 5.0 dpa and 

8.0 dpa. Some grains developed a high density of dislocations, while the grains 

maintained crystallinity. These dislocations formed in parallel arrays, shown in Fig. 71a, 

while some grains developed stacking faults along the basal planes as well as 

dislocations, shown in Fig. 71b. 

 

 
Fig. 70. BF TEM micrographs of defects in Zr3(Al0.9Si0.1)C2 irradiated to 5.0 dpa at RT: (a) parallel 
arrays of stacking faults along a single grain on the (000l) planes (b) Stacking fault (SF) bound by 
dislocations D1 and D2; these are situated within the grain and are on the (000l) planes. 
 

 
Fig. 71. BF TEM micrographs of defects in Zr3(Al0.9Si0.1)C2 irradiated to 8.0 dpa at RT and 
subsequently annealed to 300°C: (a) dislocations (b) arrays of stacking faults and dislocations. 
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Trace analysis showed that the dislocations lie on the basal planes. Two beam 

conditions were used to determine the Burgers vector b of the dislocations through 

the invisibility condition g • b = 0 for suitable diffracting reciprocal lattice vectors g. 

The analysis shown in Fig. 72 suggested that b was parallel to [𝟐𝟏𝟏----𝟎], consistent with 

b = 𝟏
𝟑
 [𝟐𝟏𝟏----𝟎]. 

 

 
Fig. 72. Features along the (000l) axis in Zr3(Al0.9Si0.1)C2 irradiated to 5 dpa at RT: (a) stacking faults 
and dislocations along the 000l planes at a general zone axis, (b) the same features of (a) but at an 
orientation near the  zone, with the stacking faults and dislocations showing less contrast, 
and with g = 0008 (c) the same features as (a) but in an orientation near the  zone, 

showing zero contrast, where the g vector used to form the image was . 
  

[ ]2110
[ ]2110

0110



Chapter 6                                            Results: irradiation damage in Zr3(Al0.9Si0.1)C2 

 116 

 

6.5 Discussion 

 

The ion bombardment of atoms in a crystal lattice generally causes changes to the 

atomic arrangement. If the bombarding particle has sufficient energy, equal to or 

higher than the threshold displacement energy of the atom, the ions can displace atoms 

from their atomic sites. In addition, if the displaced atoms have sufficient energy, they 

may themselves bombard other atoms, and thus cause further atomic displacements. 

Defects generated by the ion cascades form vacancies and interstitials, and an 

accumulation of these defects can produce extended defects, such as dislocations and 

stacking faults, or regions of high disorder, such as regions of amorphous or poorly 

ordered material[12,84]. 

 

Irradiating Zr3(Al0.9Si0.1)C2 with high energy heavy iodine ions to ≥ 1.5 dpa at RT 

resulted in several modifications to the material. The temperature at which irradiation 

occurs generally has a significant effect on the mobility and annihilation of defects 

within the crystal structure. At the temperature used for the irradiation experiments 

reported here on this 312 Zr MAX phase material, RT, ceramics do not tend to have 

a high tendency for dynamic defect annihilation, as there is a lack of thermal energy 

for defect migration in comparison with irradiation at higher temperatures, e.g. 

≥300°C. This lack of mobility reduces the likelihood of defects recombining, or 

moving easily to low energy regions, such as the (000l) basal planes in the hexagonal 

structure of Zr3(Al0.9Si0.1)C2. Under RT irradiation conditions, to 1.5 dpa, 

Zr3(Al0.9Si0.1)C2 is shown to remain crystalline, but a number of defects develop in the 

form of stacking faults and dislocation lines. At increasingly higher irradiation doses, 

defects form in the crystal structure of Zr3(Al0.9Si0.1)C2 and accumulate along select 

planes. A build-up of these defects can lead to the formation of further extended defect 

and defect clusters, such as dislocations and stacking faults. Prolonged irradiation on 

the crystal generally leads to local loss of long-range order, i.e. amorphisation. At 

increasingly higher irradiation doses, Zr3(Al0.9Si0.1)C2 developed more of these defects 

and became more disordered, as can be seen in changes to both X-ray diffraction 

profiles and to electron diffraction patterns containing 000l systematic rows of 
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reflections. This is expected qualitatively, as more ion irradiation causes more 

disruption to the ordered atoms in the crystal, and more Frenkel pairs are expected to 

be generated by the ion cascades, causing extensive defect accumulation. 

 

 

Calculating the formation energies of defects is beneficial in helping to understand the 

consequences of defects produced by ion bombardment. Density Functional Theory 

(DFT) calculations on both Zr3AlC2 and Zr3SiC2 by Zapata-Solvas et al. [67]  and 

Bowden et al. [64] show that the lowest energy intrinsic disorder mechanism in 

Zr3AlC2, with formation energies predicted to be 1.46 eV [3] or 1.51 eV [29] is the 

Frenkel defect in which Al ions move to interstitial sites, forming Al interstitials (Ali) 

and Al vacancies (VAl). This formation energy is higher than in (the hypothetical) 

Zr3SiC2, suggesting that Zr3AlC2 is inherently the more radiation-tolerant of the two 

materials [3]. However, Zapata-Solvas et al. also note the expected superior 

performance of the Ti-MAX phases Ti3AlC2 and Ti3SiC2 in radiation environments by 

comparison because in these materials the ‘A’ site Frenkel defect mechanism is a much 

higher energy mechanism, with predicted formation energies of 3.40 eV and 3.19 eV, 

respectively [3]. 

 

Both sets of DFT calculations also show that there is a favourable and direct route to 

transform Zr interstitials (Zri) to Zr ions on Al sites, ZrAl, and Al interstitials, Ali, in 

Zr3AlC2, and to transform Zri to ZrSi and Sii in Zr3SiC2. Therefore, after a displacement 

cascade induced by ion irradiation, it is reasonable to expect both ZrAl and ZrSi antisite 

defects in Zr3(Al0.9Si0.1)C2. However, in comparison with Ti3AlC2, in which calculations 

by Zapata-Solvas et al. [64] and experimental observations [85] show that antisite 

defects can readily exist, the concentration of antisite defects in Zr3AlC2 is predicted 

to be lower because this route is significantly less favourable energetically in Zr3AlC2 

[3]. As Yang et al. [53]and Wang et al. [54]have noted, the formation of TiAl and AlTi 

antisite defects as a consequence of ion irradiation are precursor events in the phase 

transformation behaviour of 𝛼-Ti3AlC2  to 𝛽-Ti3AlC2. It is evident that the formation 

of antisite defects is a likely precursor event for the phase transformation of 𝛼-

Zr3(Al0.9Si0.1)C2  to 𝛽-Zr3(Al0.9Si0.1)C2 found in our X-ray work. 
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It is important to recognise that MAX phases do not always undergo either a phase 

transformation or phase decomposition with relatively high dpa ion irradiation doses, 

even when irradiated at room temperature [38,46]. When decomposition is reported 

to occur, it is common for one decomposition product to be the M-metal carbide, such 

as TiC reported as a phase decomposition product from neutron irradiation of Ti3AlC2 

and Ti3SiC2 [62] and TiC produced as a consequence of the bombardment of Ti3SiC2 

by iodine ions nominally under ambient temperature conditions[51,62]. In general,    

M-X bonds are much stronger in shear in MAX phases than the M-A bonds [6], and 

therefore it can be rationalised that M-X bonds are more likely to withstand high 

energy ion bombardments than M-A bonds. This ease of breaking of M-A bonds is 

consistent with the relative ease of forming Ali and VAl and Sii and VSi in MAX phases. 

 

In the work reported here, the most immediate observation from the XRD profiles in 

this study is the presence of strong and relatively intense ZrC peaks at all irradiation 

doses. While ZrC was a significant secondary phase in the material prior to irradiation, 

the strong reflections from ZrC seen in the XRD patterns suggest that ZrC not only 

remains in the material after irradiation, but that additional ZrC is formed as a product 

of the irradiation-induced phase transformation of Zr3(Al0.9Si0.1)C2. The decomposition 

of the Zr3(Al0.9Si0.1)C2  is shown to increase further at higher doses, which suggests this 

phase is sensitive to crystal damage. The lack of a change in topography of the samples 

at a micrometre level when observed by SEM and the progressive appearance of 

amorphous rings in the TEM electron diffraction patterns from MAX phase material 

as the level of irradiation increases together point to a gradual decomposition within 

the MAX phase grains at a nanometre level, leading to both the phase transformation 

of 𝛼-Zr3(Al0.9Si0.1)C2  to 𝛽-Zr3(Al0.9Si0.1)C2 and the decomposition of 𝛼-Zr3(Al0.9Si0.1)C2  

to ZrC and Zr(Si/Al)2. In this context, it is also interesting to note that Bowden et al. 

also report the phase decomposition of non-irradiated Zr3AlC2 to ZrC and Zr3Al2 after 

heating above 300 °C in a nitrogen atmosphere [64]. 
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XRD analysis from Zr3(Al0.9Si0.1)C2 irradiated to 1.5 dpa showed that there was an 

expansion along the c-parameter, with contraction of the a-parameter. Although 

accurate lattice parameter measurements were only taken from the sample irradiated 

at 1.5 dpa and so a trend cannot be deduced from this single measurement, this 

increase in the c-parameter and decrease in the a-parameter is consistent with other 

irradiated MAX phase work on Ti-based MAX phases[58,86] and also the recent 

proton irradiation work on Zr3AlC2 of Bowden et al. [64]. It would clearly be 

interesting to see whether heavy ion irradiation of this MAX phase at higher 

temperatures would help to reduce the number of cracks seen, as Bowden et al. 

reported in their work [64], and thereby determine the relationship of lattice swelling 

to macroscopic volume swelling of material. However, such work would require 

significantly higher purity MAX phase material for irradiation work. 

 
In contrast to Ti3SiC2 where heat treatment at 560 °C for 1 hr of Ti3SiC2 bulk material 

irradiated with 2 MeV I2+ enables crystal regrowth of both Ti3SiC2 and TiC, one of the 

decomposition products produced after irradiation, [61], heat treatment of our MAX-

phase-rich material for 1 hr at both 300 °C and 600 °C did not produce any noticeable 

change to the material. It is entirely possible that this can only occur for heat treatments 

at higher temperatures, but unfortunately, the limited amount of material that we had 

available for study precluded further, higher temperature heat treatments of longer 

time. 

 

Ideally, Zr3AlC2 samples would have been the most suitable samples to study. Previous 

work on the synthesis of this phase and Zr(Al1-xSix)C2 has shown how difficult it is to 

produce material with significant weight fractions of MAX phase [64,65,67]. Thus, for 

example, the material produced by Lapauw et al. [65]contained 61 mol% Zr3AlC2, 31 

mol% ZrC and 8 mol% ZrAl2, and the Zr(Al0.9Si0.1)C2 material produced by Zapata-

Solvas et al. [3] actually contained 59 ± 2 wt% of Zr(Al0.9Si0.1)C2, with significant 

quantities of ZrC (31 ± 2 wt%), ZrAl2 (5 ± 1 wt%) and Zr5Si3 (5 ± 1 wt%). Zapata-

Solvas reported that the introduction of trace levels of Si helps in the formation of this 

MAX phase. Bowden et al. noted how Ti stabilises the Zr3AlC2 MAX phase[64]. The 
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fact that it has proved difficult to produce significantly higher purity levels of        

Zr3(Al1-xSix)C2 material suggests that this phase may not be a thermodynamically stable 

phase in the Zr3(Al,Si)2C phase diagram, in contrast to the Ti3Al2C phase diagram 

where Ti3AlC2 is definitely regarded as a stable phase, albeit a high temperature phase 

stable within a relatively narrow temperature range[87,88]. Clearly, it would be 

beneficial to have to hand a reliable phase diagram for the Zr3(Al,Si)2C quaternary 

system and an understanding of how to reliably produce significant quantities of high 

wt% Zr3AlC2-based MAX phase for future irradiation studies. 

 

6.6 Conclusions 

 

Zirconium based MAX phase with the composition Zr3(Al0.9Si0.1)C2, in material 

containing ZrC and Zr5Si3, has been irradiated at RT with 52 MeV I9+ ions, reaching 

an estimated damage level of up to 8.0 dpa. Post-irradiation characterisation of the 

damaged region was carried out using TEM, SEM and XRD. Examination of irradiated 

Zr3(Al0.9Si0.1)C2 suggests that it demonstrates a poor resistance to irradiation at relatively 

low temperatures conditions. At high doses, the phase developed into disordered 

material. At the highest doses, the MAX phase decomposed into ZrC, Zr(Al,Si)2 and 

transformed into a polymorph with new stacking structure, identified as 𝜷-

Zr3(Al,Si)C2. Post-irradiation annealing of material showed a poor recovery at 

temperatures up to 600oC. Overall, results from these experiments show that 

Zr3(Al0.9Si0.1)C2 does not have a high resistance to irradiation damage at low 

temperatures. The irradiation induced phase transformations that it undergoes show 

that it is unstable in irradiation environments. Future work should examine the 

response to irradiation of this MAX phase material at high temperatures given the 

advantageous low neutron absorption cross-section of this phase for irradiation 

intense nuclear environments. 
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7. Conclusions and suggestions for further       

work 

 

 
7.1 Conclusions 

 

The objective of this thesis was to study primarily the response of zirconium based 

MAX phases to heavy ion irradiation. This work presents the first ever reported heavy 

ion irradiation experiments on zirconium-based MAX phases characterised by electron 

microscopy and X-ray diffraction techniques. This has been achieved by characterising 

microstructural features of the unirradiated material, irradiating the materials to doses 

ranging from 1.0 to 8.0 dpa and temperatures ranging from RT up to 600°C, and then 

characterising the irradiated material.  

  

Heavy ion irradiation on materials containing Zr2AlC and Zr3Al0.9Si0.1C2 MAX phases 

was performed using the ion beam accelerators at the Ion Beam Centre, HZDR, 

Germany. The ion damage on the MAX phases was estimated by the Monte Carlo 

simulation programme SRIM, which gave estimates of the dpa values and the nominal 

midrange dose. The irradiated materials were then characterised using SEM to 

investigate topographical modifications, TEM to investigate the nano-scale 

morphology and nature of defects induced by irradiation, and XRD to investigate 

changes in the crystal structure, such as lattice parameters, crystallinity, and 

modifications to the composition of the material. 

 

Initial characterisation of the unirradiated material revealed that materials containing 

Zr2AlC and Zr3Al0.9Si0.1C2 MAX phases have intrinsic trans-granular surface cracks on 

many grains. These were shown to be basal plane cracks along the (000l) planes and 
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were shown to be attributed to layer delamination. The layer separation forms along 

these planes because of the weak metallic M-A bonds in the MAX phase structure. 

 

After irradiation to 1.0 and 3.5 dpa, at RT, 300°C and 600°C with 22 MeV Au7+ ions, 

material containing Zr2AlC MAX phase was shown to develop temperature-dependent 

surface modifications. One important change was the formation of irradiation-induced 

inter-granular microcracks. The microcracks were only detected in the material 

irradiated at 300°C and were shown to be correlated with the development of internal 

strain in Zr2AlC at this temperature. These cracks form as a result of the anisotropic 

swelling of the MAX phase. It is suggested that lattice parameter swelling is not a cause 

of the crack formation, but it is rather caused by the abundance of defects such as 

stacking faults and other strain fields that form along the basal planes and lead to 

swelling of the grains. The absence of crack formation on material irradiated at RT and 

600°C shows that Zr2AlC exhibits a temperature-dependent point defect swelling 

regime at temperatures around 300°C, similar to those reported on Ti-based MAX 

phases irradiated with heavy ions.   

 

XRD measurements have shown the susceptibility of Zr2AlC to irradiation-induced 

amorphisation. At increasing doses at RT, the heavy ion particles caused substantial 

damage to the crystal structure and caused the multilayer crystal structure of Zr2AlC 

to disappear. The crystallinity of this MAX phase was shown to be better maintained 

upon irradiating the material at 300°C, as this relatively high temperature allowed for 

an enhanced crystal recovery at both 1.0 and 3.5 dpa. However, the material still 

developed partially into disordered matter. Upon irradiation at 600°C, Zr2AlC was 

shown to almost maintain its crystallinity entirely. This suggests that the defect mobility 

in Zr2AlC is enhanced at this temperature range to avoid amorphisation. Lattice 

parameter measurements from XRD profiles of Zr2AlC showed that, like other MAX 

phases, there was an expansion along the c-parameters and the a-parameters 

contracted. 

High temperature irradiation caused irradiation-induced defects in Zr2AlC to 

agglomerate into low energy defect zones along the basal planes in the hexagonal 

crystal structure of Zr2AlC. At 300°C and 600°C the relatively high temperatures 
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accommodated an enhanced mobility of defects, resulting in defect annihilation and 

the formation of extended defects, which were characterised as either dislocation lines 

with the Burgers vector  𝟏
𝟑
 [𝟐𝟏𝟏----𝟎] and stacking faults along the 000l planes.  

 

Following the irradiation of Zr3Al0.9Si0.1C2 to 52 MeV I9+ ions at RT, the material was 

shown to develop a high number of defects, but importantly, and relative to Zr2AlC, 

was more susceptible to irradiation-induced amorphisation. The I9+ ions caused 

substantial damage to the crystal structure and caused the multilayer  crystal structure 

of Zr3Al0.9Si0.1C2  to disappear, resulting in high disorder. Defect density was enhanced 

significantly at 5.0 and 8.0 dpa compared to unirradiated material which was almost 

free from intrinsic defects. These irradiation-induced defects were mostly dislocations 

with Burgers vector b and stacking faults along the 000l planes. 

 

A number of irradiation-induced phase transformations were observed by XRD 

measurements. Zr3Al0.9Si0.1C2 was shown to transform into a polymorph with a 

rearranged stacking sequence, identified as 𝜷-Zr3Al0.9Si0.1C2, but also decomposed into 

Zr(Al,Si)2 and ZrC. These phase transformations exhibit an unacceptable level of 

material decomposition, and as a result it can be assumed that the potential of 

Zr3Al0.9Si0.1C2 for use in irradiation intense environments is poor. Post-irradiation 

annealing of Zr3Al0.9Si0.1C2 irradiated to 8.0 dpa at 300°C and 600°C did not cause any 

structural or compositional changes to the material. This suggests that the damaged 

material is not easily recovered, even at 600°C. 

 

Due to the limited availability of beam time at the irradiation ion beam facilities 

allocated to this study, it was not possible to irradiate both of these MAX phases at 

the same exact conditions. Different ion types and temperature ranges had to be used. 

Therefore, their responses to the irradiation cannot be compared directly. Irradiating 

these phases at the same conditions has been highlighted in the next section as 

suggested future work. 
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The research presented in this thesis would suggest that zirconium-based MAX phases 

are not suitable for applications in irradiation intense environments. Zr2AlC MAX 

phase was shown to have a good irradiation tolerance at high temperatures, but the 

inter-granular crack formation and defect generation at 300°C make this material 

unsuitable for structural applications in extreme environments. Zr3(Al0.9Si0.1)C2 MAX 

phase was shown to be easily susceptible to irradiation damage and  was shown to 

decompose at high doses, also making it unsuitable for use in any extreme irradiation 

intense environments.  

 

 

7.2 Suggestions for further work 

 

Results from the experiments conducted in this study have highlighted that, both 

phases, although slightly different structurally, have significantly different responses to 

irradiation. Other phases incorporating zirconium, such as pure Zr3AlC2, and other 

stoichiometries should be investigated for their response to heavy ions, particularly as 

phases incorporating zirconium can give MAX phases valuable neutronic properties. 

 

Future work should examine the response of Zr3Al0.9Si0.1C2 at high temperatures, as 

experiments involving both irradiation and simultaneous heating were not able to be  

conducted because of constrains on the beam time availability. Given the differences 

in the response of Zr2AlC to simultaneous irradiation and heating, it would be 

worthwhile investigating the simultaneous irradiation and heating of Zr3Al0.9Si0.1C2 to 

further develop an understanding on the point defect swelling regimes, defect 

formation and surface modifications, such as the development of surface cracks. 

 

Studies on the effects of irradiation on the mechanical properties of these zirconium 

based MAX phases is also an important aspect to investigate their suitability as 

structural materials in irradiation intense environments. Properties such as their 

stiffness, modulus, hardness and creep resistance should be investigated. The worrying 

abundance of trans-granular surface cracks on pristine zirconium MAX phases is also 

of concern. There are gaps in the literature on the nature of these surface defects and 
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so these should be further studied. It is not entirely understood which phases have 

these features, and the main cause of their appearance, as well as the implications of 

these cracks on mechanical properties, and the influence of these cracks on their 

susceptibility to corrosion. Like some titanium variations of the MAX phase family, it 

is not clear whether zirconium variations have a sufficient oxidation resistance. If these 

phases do not have an adequate oxide layer on its surface, they will not be 

advantageous in extreme corrosive environments. 

 

Finally, from an extensive review of the literature on ion irradiation studies on MAX 

phases, it is apparent that different ions types, charges and energies have a direct effect 

on the outcomes of irradiation studies. It is suggested that future work on the 

irradiation of MAX phases uses irradiation conditions identical, or similar, to those 

here in the literature, so that a more direct comparison in their irradiation tolerances 

can be made.  
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