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Abstract 

Irradiation affects the mechanical properties of materials. In particular, an increase of yield 

strength followed by a decrease of ductility and a reduction of the elongation to fracture are 

observed above a threshold irradiation dose. The last two phenomena are correlated with the 

appearance of bands free of defects (clear bands) in which plastic deformation is confined. These 

bands also determine accumulation of dislocations at grain boundaries, thereby favouring local 

grain decohesion and possibly initiating fracture. 

Clear bands have an important impact on metal resistance, nevertheless our level of 

understanding is not sufficient to evaluate quantitatively their effect on the loss of ductility and 

reduction of elongation to fracture that are observed experimentally. A clear band is a 

microstructural defect, only a few tens of nm wide and with a length comparable with the grain 

size, that is created when loading an irradiated material. Its complex interaction with defects on 

the nanoscale affects the behaviour of the metal at the macroscopic scale. A full understanding 

implies the application of a multiscale modeling approach. This explains why, even though clear 

bands have first been observed in the 1960s, it is only in the last decade that a modeling effort 

has been started to model how they form and their effect on the plastic behaviour. As a first step 

toward the development of a continuum model of the effect of clear bands on the mechanical 

properties of metals, this report tends reviews and orders both experimental observations and 

relevant mechanisms that have been proposed. 

Following a multiscale approach, in the first part general knowledge on the crystalline nature of 

metals and its consequences on plasticity is reviewed. Then, the effects of irradiation and 

especially clear band formation is addressed, revising qualitative information available from the 

literature, including possible mechanisms of relevance and a quantitative description of the 

geometrical properties of clear bands. 
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1.   Introduction 

Irradiation affects strongly the mechanical and chemical properties of metals. One effect of 

irradiation on the mechanical behavior of a metal is the increase of the yield stress: the 

material becomes harder. Moreover, loss of ductility and reduction of the work-hardening 

capacity often accompany hardening, making the material break more easily. This 

phenomenon needs to be understood to avoid the failure of components. 

The effect of irradiation on nuclear materials has been studied intensively since the 1950s. 

The combination of experiments on both technological and model materials, involving not 

only mechanical but also microstructural characterization, together with the development and 

application of models, clarified that nanometric defects such as precipitates, vacancies clusters 

(generally cavities), and self-interstitials clusters (generally dislocation loops) are the cause of 

hardening, because they obstruct the movement of dislocations. Although fully quantitative 

models are not easily developed, qualitatively the phenomenon is understood..  

Other phenomena that become visible when the yield stress is exceeded, such as loss of work-

hardening, are much less understood, even qualitatively. The appearance of clear bands in the 

microstructure of irradiated materials when deformed has been observed since the 1950s. 

These bands are no wider than about a hundred nanometers and appear to be free of radiation 

defects. In these bands the deformation can reach 400%, contrary to the remainder of the grain 

that still contains radiation defects, so that no significant dislocation generation or movement 

occurs outside the channels: plastic deformation remains localized inside these bands. It is 

therefore important to understand how these clear bands form, all the more because this 

microscopic phenomenon can be related to the macroscopic loss of work-hardening capability 

(softening): the material shows a drop of ductility, it cannot support anymore the deformation 

and breaks more easily than it should.  

Theories have been proposed to explain the appearance of clear bands and experiments have 

been realized; yet it remains difficult to interpret the results and thus to prove the mechanisms 

assumed. To date, the most convincing explanation is that, under certain conditions of strain 

and stress, dislocations manage to absorb and remove all radiation defects in their slip plane, 

thereby opening a soft planar region in which increasingly more dislocations are created and 

can propagate. For this reason, clear bands are often called dislocation channels. 

In addition to understanding the mechanisms of formation of clear bands, it is equally 

important to characterize their behaviour and their consequences on the response of the 

material at the structural scale, which is the objective of the thesis work currently in course. 

Here, the aim is to present the current knowledge about clear bands or dislocation channels: 

the mechanisms of formation assumed and especially the experimentally observed 

phenomenology, starting from their geometrical aspect. This is the unavoidable starting point 

to develop a finite element code that should model the consequences of plastic localization 

effect on the mechanical response to load of irradiated materials. 

In the first section, I present the basic definition and mechanism imply in the microstructure 

in a general way. In the second section, I focalize on the mechanisms happening in irradiated 

material. Then, the last two sections will concern directly the phenomena of clear band, the 

mechanisms of appearance and the geometric aspect.   
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2.   The context: mechanical behaviour of metals

Different types of steels are used in nuclear power plants, from austenitic, such as annealed 

316 stainless steel used for the internal components, to bainitic, such as the tempered bainitic 

steels (e.g. A533B) used for the reactor pressure vessel. In addition, zirconium alloys 

(Zircaloy), such as annealed Zircaloy-4 alloy, are used for the fuel cladding and, depending on 

the reactor type, also for other internal components. 

Design codes have been developed to assure that the degradation of the material properties as 

a consequence of ageing will stay within safety limits. These rules are expressed in terms of 

mechanical quantities that are measured experimentally, for example in a tensile test. They are 

represented in Figure 1, taken from [1]. However these quantities are not absolute, they 

depend a lot on the material, the manufacturing process, the test environment. 

Figure 1: Parameters that can be extracted from the strain-stress curve corresponding to a 

tensile test. 

2.1.   Crystallographic structure 

In metal atoms are arranged according to a specific configuration, constructed as a periodic 

repetition of a basic pattern. The three main lattice structures in metals are  

- bcc (body –centered cubic),  

- fcc (face-centered cubic)  

- hcp (hexagonal close-packed).  
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Most properties of the metal depend on the type of crystal, because this defines planes and 

directions more sensitive to deformation, influencing among other things plastic deformation 

behaviour. For example, Figure 2 illustrates the difference in plastic flow behaviour for three 

alloys. The fcc 316SS, with its twelve slips system, offers high ductility; the bcc A533B, with 

also twelve slips system; offer high strength; the hcp, Zircaloy-4, with only three primary 

slips systems, has low ductility and anisotropic properties [2]. 

Figure 2: Comparison stress-strain curves for three metals with different crystal structure [2]. 

2.2.   Microstructural defects 

Defects can be classified according to their dimension: point, line or surface [3]. 

A point defect is a localized defect in the crystal lattice; it can be a missing atom (vacancy), or 

an additional atom (self-interstitial), as illustrated in Figure 3. Self-interstitial atoms (SIA) can 

be both atoms of the matrix displaced from their lattice position, or , in some cases, solute 

atoms as well, added to the alloy during the manufacturing process. SIAs should not be 

confused with interstitial impurities, such as carbon or nitrogen atoms. Impurities or solute 

atoms that take the position of a standard atom in the lattic are called substitutional . Both 

interstitial and substitutional impurities are always found in metals and are also often added 

deliberately to obtain precise properties. Vacancies are also present in all metals at 

equilibrium. SIAs, however, are generally not present at equilibrium, but they are produced in 

large quantities under irradiation, together with vacancies (the vacancy-SIA pair is called also 

Frenkel pair) – see section 3. 

Figure 3: Types of point-defects, including impurities in this category. 

����		
	����������	���������������	����

�����
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Line defects are mainly dislocations. A dislocation can correspond to an additional half plane 

of atoms integrated into the crystalline structure (Figure 4, on the left) or it can be the 

consequence of a shift between two successive planes of atoms (Figure 4, on the right). These 

two types are called respectively edge and screw dislocation, but it is usually a mixed 

dislocations that is developed in the crystalline structure. It separates the crystalline structure 

into two perfect blocks of atoms limited by the plane on which the dislocation can glide. 

            

Figure 4: Example of edge and screw dislocation 

When strained, the structure of a metal is deformed mainly due to the movement of these 

dislocations, until they are disrupted at the boundaries of the crystal in the form of steps, 

thereby leading to irreversible, plastic deformation (Figure 5). 

   
Figure 5: Plastic deformation due to dislocation glides [3] 

The nucleation of dislocations occurs during the growth process of the grain, so they are 

already present in the seed crystal or they can appear during strain in region of high local 

internal stress [4]. This heterogeneous nucleation of dislocations is due to high internal 

stresses generated by impurity particles, thermal contraction, and impingement of different 

parts of the growing interface. 

A planar defect is an interface between homogeneous regions of the material. It can 

correspond to a stacking fault in the crystal periodicity: a one or two layer interruption in the 

stacking sequence of atom planes. If it concerns only few plans, it is called simply stacking 

fault, while if it includes many atomic spacings, it is called twin. The ability of a material to 

form these defects is quantified by the Stacking Fault Energy, SFE. 

Grain boundaries are also considered as planar defects. They are formed during the 

solidification of metals when atoms begin to create bonds in the crystalline structure. As a 

matter of fact, the solidification process generally occurs at various points in the material and 

grains grow up until they impinge upon adjacent growing crystals. 

Shear displacement 
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Others defects may exist depending among other factors on the crystallographic structure, and 

the level of purity of the material. These, however, will not be mentioned here. They are well 

described in [4]. 

2.3.   Plasticity 

After the fabrication process, that leads to creation and self-organization of defects, especially 

dislocations and grain boundaries, if the material undergoes stress, becomes subjected to the 

activation of dislocation sources [5].  

The phenomenon of dislocation source activation is an important step for deformation 

because it allows the progressive increase in dislocations density with increasing strain. One 

of the most important sources of dislocation is found along the boundary region between the 

grains, where dislocations are emitted and multiply themselves by cross-slip processes. There 

are three important mechanisms of dislocation source activation [4,6]: the Frank-Read type 

sources (spiral mechanism), multiples cross-glide (widening of a glide plane) and climb of 

dislocations.  

When the shear stress required to move a dislocation (activate a dislocation source) is 

reached, dislocations glide, causing the plastic deformation. A rapid multiplication of 

dislocation in an environment of high density of obstacles (including point defects but also 

dislocations moving in intersecting plans) leads to work-hardening due to interlocking of 

dislocations with their defects responsible for an increase in flow stress [7,8,9]; i.e. further 

straining the crystal requires increasingly higher stress. 

Initially, the rate of work hardening is low and the glide of dislocations is easy. It results from 

dislocations moving on the slip system with the highest resolved shear stress, which form the 

primary system. The dislocation sources operate at the critical resolved shear stress and 

dislocations move over large distance.  

At a second stage, one observes higher work-hardening, due to a considerable increase in 

multiplication and movement of secondary dislocations. The resolved shear stress of the 

secondary system is reached. Densities of primary and secondary dislocations are 

approximately equal. Interactions between primary and secondary dislocations lead to the 

formation of barriers to slip and pile-ups of dislocations. 

Finally, a dynamic recovery process takes place, where dislocations leave their original slip 

planes by the cross slip of screw dislocations. One assists then to a reduction in dislocation 

density and internal stresses that changes the structure [4]. 

If the microstructure is considered, different modes of deformation can be identified, such as 

dislocation tangling and cell formation, planar deformation, fine-scale twinning (Figure-6). 

These modes vary with material, temperature and strain level [1,10]. 
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Figure 6 : Microstructure of a steel cyclically deformed [11].Typical dislocation structure in 

deformed Zircaloy-4; at 3% strain, deformation twins in 316 stainless steel strained 54% at 

room temperature [1]  

Deformation by dislocation tangling and cell formation is the normal mode in most metals. 

Planar deformation represents confinement of dislocation activity to a limited number of slip 

planes. It is a normal mode of deformation where a single slip system is dominant, as in 

Zircaloy-4, or where dislocation cross slip is diminished, as in the 316 steel, direct 

consequence of the low SFE. Deformation microtwinning is seen only in the austenitic steels, 

since it is a result of low SFE [1]. 

2.4.   Summary of this part 

The response of a material strongly depends on the microstructure and on the interaction of 

dislocations with this microstructure. For example, a high yield stress can be due to 

interlocking of dislocations by the surrounding defects, thereby hampering the deformation. It 

can be also due to small size of grains, because grain boundaries act as strong obstacles to 

dislocations, as well. This can also lead, if the grain boundary succeeds to accommodate the 

deformation, to decohesion of the grain and initiation of fracture there, resulting in a brittle 

behaviour (fracture without prior deformation).  

These examples show that the interaction of moving dislocations under load with the pre-

existing microstructure determines the hardness and the ductility of a metal. These 

interactions occur at microstructural level: for this reason large efforts have been made to 

understand the mechanisms at microstructural scale, meaning by this dislocation scale, but 

also atomistic scale. Microstructural effects become much more involved and important when 

irradiation comes into play. This is described in the next section. 
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3.   Mechanical behaviour of metals when irradiated 

�����������	
���	��������	��	����	��������	����	��	���������	�������	���	�������	������������	��	

�����	���������������	�����	���	���	����	���	��	���	�����	of the engineering flow curve (Figure 

7). In particular, in all metals an increase in yield strength is induced by irradiation, followed 

by a sudden softening and reduced elongation before fracture. This reduced ductility becomes 

more serious as the exposure to irradiation (the irradiation dose) increases, and is particularly 

marked for bcc and hcp metals. In the case of fcc, the change of the stress-strain curve shape 

is more progressive, i.e. significant ductility is retained, mainly due to the appearance of 

twinning, that have tendency to harden the material.  

So, in the case of irradiation, the mechanical behaviour is not only determined by the 

microstructure and the composition of the material, as well as by the method of fabrication 

and service conditions: there is as well a strong dependence on the irradiation conditions, 

including temperature, flux, dose, and neutron energy spectrum. This is clearly demonstrated 

in Figure 7, which shows that the work hardening rate in Zr-4 and in A533B steel becomes 

very low and falls markedly already at a dose of 0.01 dpa (displacements per atom: roughly, 

the number of times an atom has been displaced after having been exposed to irradiation for 

some time). The 316 steel looks different, as it shows no abrupt decline at 0.01 dpa, and only 

relatively small reductions at higher doses [1]. Nonetheless, yield strength increases and 

elongation before fracture is reduced with increasing dose. 

Figure 7: Tensile test curve for A533B (bcc), Zircaloy-4 (hcp), 316 stainless steel (fcc) [1] 

To understand these mechanical effects, it is necessary to study how the nano- and micro-

structure of metals evolves under irradiation, combining experimental and modelling work. 

3.1. Development of a nanostructure under irradiation 

Irradiation particles are sources of large modifications inside a material by creation of both 

displacement and transmutation (especially He and H) damage, coupled with thermal, stress 

and chemically driven processes. The consequences are various: dimensional instability, creep 

(under stress), swelling and growth (in unstressed state), reduced ductility (embrittlement), 

reduced creep failure time, lower fracture resistance in the presence of cracks, enhanced 

environmentally assisted cracking [12]. 
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This happens because the incident particles (neutrons, ions or helium particles) induce nuclear 

reactions and transfer energy to atomic nuclei, thereby inducing transmutation and/or 

displacing them. As a consequence, single atomic displacements, or sequences of them 

(displacement cascades) create disorder in the crystal lattice, leading to the appearance of 

large numbers of point defects (vacancies and SIAs), as well as clusters of these defects in the 

case of displacement cascades. These agglomerations of point-defects, either produced in 

displacement cascades, or as a consequence of the diffusion and gathering of single point-

defects, can be either volumetric defects, e.g. cavities, or voids (vacancy cluster), or planar 

defects. The latter can form via collapse of cavities into vacancy platelets or, more often, via 

accumulation of SIAs, that find the lowest energy state by distributing themselves one beside 

the other and pointing in the same direction. When planar defect clusters are big enough to be 

considered locally as additional (or missing) atomic planes, they have the same effect as a 

dislocation and, thus, they are called dislocation loops. These loops can be glissile (i.e. perfect 

edge dislocation loops capable of gliding along their Burgers vector) or sessile, faulted loops 

(Frank loops, typical of fcc metals). Other defects that may develop in low stacking-fault 

energy metals are stacking-fault tetrahedral. Finally, irradiation can induce or enhanced also 

the formation of clusters of solute atoms, generally called precipitates, as well as the 

accumulation of transmutation gases (especially He) in voids, thereby creating bubbles.  

Many experiments characterized the damage state in irradiated sample, that is studied which 

defects formed and how they evolve with exposure, temperature and other environmental and 

chemical variables [13,14,15,16]. As an example, Figure 8 [17] shows how the density of 

defects visible in TEM grows with exposure to irradiation in pure Fe. These defects are 

expected to interact with dislocations and change the mechanical, especially the plastic flow, 

behaviour of the material. 

Figure 8: Dose dependence of visible defect cluster density in neutron-irradiated Fe [17] 
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3.2.   Effects of irradiation on plasticity 

The main effects of irradiation on the mechanical behaviour of metals are increase in yield 

stress, and decrease in ductility and in elongation to fracture. 

The total resistance of a material is due to the contribution of defects densities and dislocation, 

that reduce the rate of strain hardening in metals with increasing defect, and dislocation, densities. 

The previous paragraph explains the increase in the proportion of defects and dislocations leading 

to higher density of obstacles to the movement of dislocations and therefore to higher strength.   

Nevertheless, it is observed that the crystal may work-soften instead of work-hardening. If the 

mobile dislocation density increases more rapidly than the dislocation mobility decreases 

because of the evolving forest density, plastic instability will appear [6]. This is what happens 

when the sudden and prominent yield drop occurs. It requires that the density of mobile 

dislocations is very low (e.g., when most of the grown-in dislocations are locked) and that at a 

certain stress level (i.e., the upper yield stress) the rate of dislocation multiplication becomes 

very high or a large number of decorated dislocations are suddenly released from their 

decoration and are able to act as sources. The resulting strain rate in the specimen exceeds the 

applied strain rate, causing a drop in the load acting on the specimen [18]. 

This phenomenon is observed at sufficiently high irradiation dose, for example Figure 7 

shows a sudden softening (reduced work-hardening and severe ductility loss) before the 

material breaks already above 0.01 dpa in bcc and hcp metals, while no dramatic effect is seen 

in the fcc alloy even at 0.8 dpa. When this occurs, �����	 ����	 ��	 �����������	 �������	 ���	

��������	 ��	���	����������	����	��	 ���	�������	��������	��	 �������	��	������������	�� !"	

����	����������	 ��	����	
���	#��
�	���	 �����	�����	 �����	 ��	 �������	 �����	����	���	���	

��������	 $  %	 ��	 ���	 ������������	 ��������	 ��	 ���	 ����	 ��	 ���	 �����	 ����	 �������	 
��#	

���������"	����	���	��������	��	reduce the strain hardening of the metal [19]. 

Thus, in addition to dislocation tangling and cell formation, planar deformation, and twinning, a 

fourth mode of deformation exists in irradiated materials, called clear-band deformation (Figure 

9). These clear bands are also called dislocation channels: this name comes from the fact that a 

possible mechanism for their formation is that all defects in them are removed , swept away by 

dislocations that, because of still unclear reasons, suddenly manage to break away from the 

defects retaining them [1,4,5,10,20]. 

    
Figure 9: Cleared channels inside an annealing twin and at an intersection point of a channel with 

a grain boundary in OFHC-Cu irradiated (0.3 dpa) and tested at 373 K [18]. Blocky arrangement 

of dislocation channels in 316 stainless steel, irradiated to 0.78 dpa and strained to 32% [1]. 
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According to the sweep-away dislocation mechanism, the phenomenon of yield drop and 

channel formation would be interconnected. However, it is the interaction of these channels 

with grain boundaries that may be the main reason for the reduction in the uniform elongation 

in irradiated materials [18]. Channels, being defect-free zones, are able to localize the plastic 

deformation causing localized necking. Indeed, very large strains occur in the channels 

compared to the relatively undeformed matrix: the overall bulk elongation and the bulk work-

hardening rate are reduced and one observes no work-hardening anywhere, except at the 

intersections of channels with one another and with grain boundaries [21]. The interaction of 

these channels with grain boundaries can produce a significant amount of strain accumulation 

localized at the sites of channel-boundary interaction. This kind of strain accumulation may 

cause nucleation of cracks at the grain boundaries and may be responsible for the drastic 

reduction in the uniform elongation of material. The degree of channelling versus uniform 

deformation, which is dose dependent, will likely control the overall level of uniform 

elongation at intermediate doses. This idea is supported by the fact that, even in post-

irradiation annealed samples, where annealing removed the yield drop and restored work-

hardening, the overall elongation compared to the unirradiated condition remained low, most 

probably because of channel formation [18]. 

Because of their interaction with grain boundaries, with promotion of creation of cracks there, 

clear bands are also thought to have an important role in irradiation assisted stress corrosion 

cracking (IASCC) [22]. 

3.3. Summary of this part 

Irradiation strongly affects the mechanical behavior of metals: firstly it increases yield stress 

and secondly it causes "work-softening", that is to say, it reduces the total elongation 

(ductility), because the material is brought prematurely to fracture. These phenomena must be 

taken into account at design and safety assessment level, because they affect directly the 

reliability of the material and the structure. 

The softening effect is believed to be due to the appearance of clear bands, also called 

dislocation channel, which is a plastic localization phenomenon. Thus, to understand the 

"work-softening" implies, first and foremost, to understand clear band creation: where, how, 

and when they appear … This is not easy because the experimental work needed for this 

purpose is time and money consuming and requires complex instrumentation, especially due 

to the need to protect the operators of experimental facilities from the pernicious effects of 

irradiation on biologic organisms. It is also difficult because channels are a localized 

phenomenon, they can be as narrow as a few nanometers, and do not pre-existing in the 

irradiated microstructure: they form only when deforming irradiated materials. Their 

observation can therefore be a laborious task; yet such experimental indications are necessary 

to develop correctly any model. 

  

It is important to keep in mind that clear bands appear, especially in austenitic steels, only at 

relatively high doses and are not pre-existing in the irradiated microstructure. At low doses 

the normal deformation mode is still [1] by dislocation tangling and cell formation, planar 

dislocation deformation, and deformation via micro-twinning in the specific case of austenitic 

steel. At higher doses, the last two deformation modes continue to play a role, but are 

accompanied by channelling as well. It is supposed they are both encouraged by irradiation 
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and can even affect channel formation. Planar arrays of dislocation are considered as 

precursors of dislocation channels, even if it is not a prerequisite for it; microtwinnings which 

are still observed at higher doses can interact with clear band giving an opposite effect 

(twinning is considered to harden the material). 
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4.   Phenomenology of clear bands (or channels) 

Now that the context of plastic localization is presented and its effect on the material is 

enlightened, the challenge is to be able to quantify its effects on the global structure. Trends 

followed by stress-strain curves for irradiated materials presenting clear bands have been 

shown, but how and in which measure this affects the mechanical performance of the material 

is not well defined.  

To achieve this task a good understanding of the basic phenomena concerning formation of 

clear bands is necessary, in order to deduce indications on where they appear, how defects are 

cleared, when they are formed in the microstructure, how they interact with the grains … 

4.1. Experimental observations of channel development 

Channels nucleation results most likely from multiple dislocation emission. The increase in 

yield strength of the material reflects not the difficulty in creating lattice dislocations at the 

grain boundary, but the propagation of the first dislocations through the defect field. The 

isolated dislocations cannot form clear bands since the sources prior to the irradiation are 

locked by decoration, and ���-�&������	�����������	��	���	��#�	�	 �����������	�����������	 ��	

���	�����	����������	[5,6,18,23]. This is probably why, clear bands were observed to nucleate at 

grain boundaries, in the vicinity of active cracks or from precipitate-inclusion interfaces and 

annealing twins. These are predominant sites of dislocations emission by operating sources 

because situated in regions of high stress where local stress concentration is very high (Figure 

10) [6, 24]. 

Figure 10: Examples of cleared channels  Figure 11: Near-surface microstructure in a grain 

formed in the OFHC-Cu irradiated (to         in 35-dpa specimen deformed at slow strain rate 

0.3 dpa) and tested at 323 K [18]  to 13% plastic strain [24] 

Channel initiation also occurs as a result of the intersection of individual channels, which 

support complex dislocation interactions that can lead to the formation of another channel 

(Figure 11). Very often channels have been found to initiate at a pre-existing channel which 

ends at another pre-existing channel parallel to the first one [18]. Nevertheless, the formation 

of secondary channels suggests the increase in stress to be related directly to the initiation of 

new channels as earlier sources were exhausted [25]. These secondary channels may be due to 
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the pile-up of dislocations that have cross-slipped to the boundary of a channel and create a 

branching channel. These micro-channels were observed relatively infrequently, but always 

extended off a main, usually well-formed channel. It suggests that there are local geometric 

requirements for their creation [6] 

However, it has also been observed that 

intersecting channels on different slip 

systems do not always interact at their 

point of intersection. Instead, one of the 

channels is simply sheared by the other 

channel (Figure 12) [18]. This indicates 

that the two channels formed at 

different stages of deformation and that 

the later generation of channels sheared 

the pre-existing channels. The lack of 

any dislocation tangles or interactions 

may imply that the channel sheared by 

the second generation channel was no 

longer operative.  Figure 12: Cross grid of dislocation channels 

showing channel-channel offset [26] 

Cleared channels are formed in the early stage of strain, before the yield drop, but formation 

of new channels continues with increasing plastic strain. Practically no sources become 

operative in the volume between the channels. A physically realistic interpretation of the 

observations is that, under these conditions, only a few dislocation sources at interfaces 

become operative, thereby forming such a limited number of cleared channels that the total 

rate of dislocation generation from these sources is not enough to exceed the externally 

applied strain rate. Hence, the tensile tests do not exhibit a yield drop [18]. 

Once the number of channels generated becomes large enough to induce a strain rate in the 

specimens which is higher than the applied strain rate, the yield drop occurs. Thus, it follows 

that if the soft obstacles on the glide planes were replaced by a dense population of hard and 

insurmountable obstacles, the dislocations generated at these sources would not be able to 

move through the channels and the resulting pile-up of dislocations and the back stress would 

stop the sources. This would prevent both the formation of cleared channels and the 

occurrence of yield [18].  

4.2. Mechanisms of band clearing 

Microscopic observations point out that clear bands are bands free of defects in a matrix still 

containing irradiation defects, with no significant dislocation generation or movement 

occurring outside the channels. The channels varied from grain to grain in spacing and 

density. Generally, the edges of the dislocation channels were clean in the sense that no debris 

from the dislocation/defect interactions were swept to the side of the channels, suggesting that 

the defects were annihilated completely and absorbed by the mobile dislocations [18]. 

'�����������	 ���������	 ��	 ���	 �����������	 
����	 �����������	 ����������	 ��	 ��	 ���������	

����������	�hat the channel still contains a significant fraction of the defects plus additional 

dislocations that have been moving through the still forming channel [18].  
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Earliest hypothesis, presented by Tucker, Wechsler and Ohr (1968) [26], insisted on three 

mechanisms responsible for removal of defects. Firstly, the sweeping-up or chopping up of 

the defect clusters where defect clusters are removed by the slip dislocations. Secondly, the 

annihilation by antidefects of defect clusters as a result of the motion of slip dislocation. 

Thirdly, the heat of plastic deformation suggesting that temperature is able to anneal the 

defect clusters. 

It is now admitted that defects are indeed removed by mobile dislocations during deformation. 

A gliding dislocation can annihilate the radiation-produced defect and subsequent dislocations 

will experience a relatively soft defect-free channel associated with ductility reduction and 

plastic instabilities [2,5,11,25,27,26,28,29]. Some suppositions have been proposed to explain 

the mechanism of absorption of defects [5,29]: (i) pile-up effect, (ii) ‘arm exchange’, (iii) 

avalanche effect (activation of a segment on a dislocation in a pile-up which can activate 

segments on its preceding and following dislocations that can also activate segments on their 

neighboring dislocations, and so on, inducing an avalanche of activations). 

Another supposition concerns the fundamental mechanism of pile-ups: clear bands are 

initiated by the passage of a pile up group of dislocation [6]. If a grain boundary acts as 

barrier to dislocations in the channel, dislocation pileup occurs as well and results in high 

stress localization at the grain boundary [24]. Even if a significant drop of local shear stress in 

the channel should occur because of the defect clearing in the early stages of channel 

formation, the local stress should return quickly to a stress level as high as those in adjacent 

regions as the back stress builds up [30].  

Upon this general interaction and multiplicative effect of dislocation, atomic-level modeling 

enlightens accurate phenomena happening between dislocation and defect [31,32,33]. 

For example, during clearance of a channel of its loop [34], three interaction mechanisms 

have been revealed: (i) loop shearing, (ii) loop unfaulting and absorption in a glissile 

configuration, (iii) loop unfaulting and absorption in a sessile helical turns on screw 

dislocation and superjogs on edge dislocations.  

It results that the type of dislocation is an important factor, as edge dislocations are able to 

shear loops in some cases, while screw dislocations systematically unfault loops by 

mechanisms that involve cross-slip. Edge dislocations are expected to be very gradual and 

cannot widen a clear band [34,35]. In the case of fcc materials, another mechanism plays a 

role: the proposed mechanisms involves the perfect lattice dislocations dissociating to 

Shockley partial dislocations on contact with the defect [6]. Motion of one of these partial 

dislocations across the faulted defect eliminates the fault and allows this defect to be 

incorporated into the dislocation line.  

Nevertheless, absorption or not of a defect depends on several parameters. The absorption of a 

loop can be impeded if the stress-rate is too large: the applied stress exceeds the loop 

resistance before the unfaulting process is completed and loop shearing is obtained. 

Unfaulting of loop can also be impeded at low temperature, thereby preventing cross-slip, 

which is a thermally activated process. Also, in low SFE materials, the separation between 

partial dislocations is large and therefore there is a lower cross-slip probability and when the 

distance between loops becomes smaller, dislocation cross-slip cannot unfault loops as it 

cannot accommodate change of glide plane. 
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Other mechanisms of interaction are described in terms of interaction between clusters and 

dislocation [5,6,35,36,37], voids and precipitates [6,38], Shockley partial and dislocation 

[28,37]. 

These mechanisms point out the important role of screw dislocation cross-slip in the creation, 

clearance and widening of defect-free channels, because upon unpinning screw dislocations 

are re-emitted in new glide planes [5,6,39].  

Eventually, it is the combination of the decoration pinning of the grown-in dislocations and 

the existence of soft obstacles that leads to the flow localization in the form of cleared 

channels. However, some outstanding issues about the occurrence of the yield point to the 

microstructure formed during irradiation, and the way that channels are cleared of defects and 

leave no dislocation debris behind, stay still unclear [18]. 

4.3. Appearance of channels 

The occurrence of strain localization can be recognized by examination of a strained test piece 

to determine whether the specimen is deforming in narrow bands instead of stretching 

uniformly along its gauge length. Other indirect signs of strain localization can be found in 

tensile stress-strain curves. The most common of these changes are the appearance of yield 

point drop, the reduction in the work-hardening rate, and the reduction in elongation. Since, 

however, similar effects can originate from causes other than strain localization, the 

occurrence of one, or even two, of the signs is no assurance that strain localization is 

involved. But when all three signs occur together in the test curve, there is increased 

confidence that they are indicating strain localization [1]. 

However, finding the exact moment when the channel appears is not easy. Cleared channels 

are formed even before the yield drop, for example, cleared channels were observed in 

specimens irradiated to only 0.01 dpa where no yield drop was observed and channels were 

also observed in specimens irradiated to 0.3 dpa and then annealed at 573 K for 50 h and 

tested at 373 K, that is to say, even after microstructure recovery [18]. 

Actually, three phenomena are in competition: prompt plastic instability at yield, dislocation 

channeling, and the transition between the low-dose to the high-dose strengthening regimes. 

(In the low dose regime radiation strengthening versus dose is faster than in the higher dose 

regime, where a sort of saturation is reached). As illustrated in Figure 7, these phenomena 

seem to occur at similar doses in many bcc and hcp metals, with alloying elements or high 

impurities. For highly ductile metals, e.g. fcc metals, they tend to occur at higher doses. 

Saturation in irradiation hardening occurs before the plastic instability at yield, so the 

transition from low-dose to high-dose regime is less affected by the plastic instability. In those 

metals the saturation in irradiation hardening occurs well before the metals experience plastic 

instability. A mechanism that can initiate the transition may be channel deformation [40]. 

Actually, many bcc and hcp metals showed the coincidence of channeling and prompt 

necking at yield, while in many fcc metals channel deformation occurred well before the 

initiation of necking deformation, along with a high positive strain-hardening rate [30]. 

Some authors, e.g. Byun and Farrel [2,40], tried to identify a criterion for the appearance of 

clear bands, using parameters like the dose to plastic instability at yield, Dc (minimum dose to 
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have zero uniform ductility, above which the material will deform in a necking mode after 

yield ) or dose to saturation in irradiation hardening, Ds. These criteria are not absolute, 

though. Actually, for bcc and hcp metals channel deformation has been observed to occur 

already around their Dc value, but for fcc metals channel deformation occurs at or before 

saturation dose, Ds, depending on the material properties and at least occurs well below Dc

(around 1/10 to 1/100 of this value). 

In all cases, at equal stress levels no softening effect from channels is observed in the dose 

range 0-Dc, if true stress-true strain curves are compared (just a reduced strain-hardening 

rate). True strain-hardening rate is not affected by the change in deformation mechanism from 

dislocation tangling to dislocation channelling induced by irradiation [2]. 

4.4. Antagonistic effect between channels and twins 

Upon fcc material annealing, twins are a prominent feature observed in the metallography. 

The formation of the twins is usually associated with the process of grain growth, but twins 

also form during recrystallization. Twin boundaries are usually flat and extend across an 

entire grain on the close packed planes in the fcc crystal structure. At lower temperatures, the 

flow stress increase is sufficient to induce deformation twinning shortly following the onset of 

plastic yielding in microstructures containing large overlapping defects [14].  

It is suggested that the presence of microtwins in the channels moderates the behaviour of 

glide dislocations in the channels and decreases the build-up of excessive stresses and strains 

in the channel bands. This restricts the width of the channels and provides some work 

hardening capacity in them. This would explain why fcc stainless steels exhibit much more 

resistance to radiation-induced ductility loss than the alloys that crystallize into the other two 

systems (bcc and hcp). Another reason could be that resistance to radiation-induced loss of 

ductility comes from the unirradiated properties of these different classes of steels. The total 

elongation of the unirradiated stainless steels (63%) is indeed much larger than the one of bcc 

and hcp alloys (Figure 7). The same holds for its uniform elongation, which in non-fcc alloys 

represents less than half of their total elongation. The feature that prolongs the uniform 

elongation of the stainless steels might be the microtwins, which develop within the 

deformation bands [1] 

Twin is another phenomenon of strain localization and the occurrence of both, clear-banding 

and twinning (Figures 13&14), is influenced by temperature, dose, strain rate and strain 

[18,28,41]. 

Dislocations channels are observed in slow strain rate tests at high temperature, while twins 

are more generally observed in fast strain rate tests, at low doses, with no specific sensitivity 

to test temperature [24,28,30,39,41]. Increasing strain also increases the tendency for 

twinning because most deformation products are not removed by dislocation glide and further 

harden the material [28]. An alloy with high SFE might also show a higher tendency for 

channelling after irradiation than twinning [30,28,41]. 
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Figure 13: Cleared channels inside an annea- 

Ling twin in OFHC-Cu irradiated (0.3 dpa) 

and tested at 373 K [18] 

Figure 14: Twin bands (b) and deformation 

channels (c) were imaged edge-on by tilting 

the twin bands for the 316LN austenitic 
stainless steel irradiated to 7.5 dpa [41]

The appearance of twinning changes significantly the behaviour of a sample if we consider 

that it is beneficial for a high strain hardening capability [42]. Twinning can produce a shear 

strain as high as 70,7% within the twin band. A significant macroscopic strain can be 

achieved by the twinning mechanism when massive twinning occurs, still the reduction in 

strength is not important in the twin band, contrary to the case of dislocation channels in 

which shear strains up to 400% can be reached. In addition, suppression of cross-slip due to 

stacking faults would enhance the confinement of dislocation pile-ups to the easy glide slip 

planes and thus increase the strain hardening rate, due to the long range back-stress. The long-

range back stresses would encourage initiation of other band which results in higher ductility.  

Twinning generates barriers to slip and additional twinning. Twin bands formed in the 

multiple slip system break down the grain into smaller domains and act as planar barrier to 

additional deformation. This results in an increase in strain hardening rate due to a boundary 

hardening effect, thus delaying plastic instability. 

4.5.    Configuration of channels 

In some cases channels are stopped at obstacles (grain boundaries, interfaces, …) and in other 

cases they are transmitted across them. In both cases, the boundaries and interfaces are locally 

damaged by shear displacements and/or stress/strain concentrations. This occurs because most 

of the dislocations generated at the sources are transported through the channels and are 

deposited at the sites where the channels end. In case of grain boundaries, such sites may 

become potential crack nucleation sites. Although limited in number, some experimental 

results do exist to support this conclusion [18]. 

4.5.1. Interaction between channels and obstacles 

Most channels span the width of the grain and stop at grain boundaries (Figure 15). In some 

cases, channels interact at the interfaces of annealing twins. These can also provide endpoints 

for channels, although in fact channels would frequently cut through annealing twins and 

continue until a grain boundary is reached where the channel stops [18]. When the channels 
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are stopped at a boundary, all the dislocations propagating within the channels are deposited 

at the boundary where the channels end. As a result, a substantial amount of strain 

accumulates there, in a localized fashion, that produces formation of steps on the grain 

boundary. This division of the grain into discrete volumes mimics the behaviour of the cell 

wall formation in unirradiated metals, which allows the subgrains to rotate and maintain 

crystalline continuity by the dislocation tangles and cell walls [18,26]. 

Figure 15: Microstructure in a grain in 4 dpa specimen deformed at slow strain rate [24] 

The levels of strain in the channels can be very high, several hundred percent, whereas the 

bulk strain may be only a few percent [43,44]. Consequently, the strains and stresses at the 

head of a channel can greatly exceed the applied bulk values and they have the potential for 

creating new channels or perhaps cracks [1]. 

In fact, after the formation of a channel, the dislocations moving in it tend to be trapped by 

defect clusters which survived near the periphery of the channel. The dislocations are trapped 

in such a way that they act as a strong barrier to the motion of following dislocations in the 

channel. As a result, many dislocations accumulate progressively in the channel, producing 

strain-hardening in the channel. Thus at this strain hardening stage, the strain in the channel 

no longer increases substantially and a fresh dislocation channel can be formed at a distant 

place, to carry the additional strain imposed to the specimen [18,30]. 

4.5.2 Transmission of channels through boundaries 

In cases, observed experimentally [18], of dislocation channels interacting with an annealing 

twin, channels can completely cross it, shearing it by 100 nm or more (Figure 16). This 

illustrates the tremendous shear that can occur as a result of interaction between dislocation 

channels and annealing twins. In the case of CuCrZr alloys, numerous dislocation channels 

have moved through an annealing twin, leaving behind a heavily sheared and damaged twin 

with varying shear and rotation at each point of intersection. The dislocation interactions at 

the interface cannot be ascertained, but there are clearly dislocations piled up at the interface 

on each side, as well as in the channeled volume inside the twin itself. This indicates that the 

interfaces do not necessarily represent effective obstacles to slip transmission. The analysis of 

such boundary interactions with channels may reveal that dislocations from the impinging 

channel may be partially transmitted through and partially incorporated into the twin 
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interface. This clearly illustrates that not only are the channels capable of causing a 

tremendous amount of local damage when they interact with a boundary, but also complex 

slip interactions occur when the dislocations interact with interfaces. In the case of a grain 

boundary, such heavily damaged regions may act as crack nucleation sites. 

Interaction and transmission of channels at grain boundaries have also been observed [18]. 

The channel can continue into the next grain from the intersection point, but this propagating 

channel is not as well developed as the preceding channel. While no grain boundary channel 

sources have been positively identified that were activated independently by the applied 

macroscopic stress, both SEM and TEM examination indicated that the impingement of 

channels on a grain boundary could initiate new channels in the adjacent grain. Conversely, 

there are many cases where a particular grain has numerous channels crossing the width of the 

grain, but there is no relationship with channels in the neighboring grains that can be readily 

understood. 

Figure 16: cleared channels formed in the OFHC-Cu irradiated (to 0.3 dpa) and tested at 323 

K: illustration of cleared channel intersecting twin band and traversing a grain boundary [18]. 

4.6.   Channels in unirradiated metal 

Strain localization is not peculiar to irradiated materials even if irradiation largely promotes 

this phenomenon. It can be observed in unirradiated materials as well, where it is referred to 

as "work-softening". It is usually preceded by a yield point drop, after which deformation 

initially proceeds locally at low work-hardening rate. Work-softening involving swept-out 

dislocation channels is encountered in materials that have been pre-hardened by cold straining 

[20,45], by quenching [20,44,46], or by some precipitates [44,46]. 

Some works have also pointed out that deformations in irradiated materials and in heavily-

deformed unirradiated materials are both equally localized (have similar true strain-hardening 

behaviors) [2,30]. The strain-hardening rates due to the long-range back stress in channel 

deformation can be as high as those in the uniform deformation involving tangled dislocations 

[30]. Nevertheless, the softening effect from the removal of defects would be more 

pronounced in neutron-irradiated materials [28]. There are two possible reasons why the 

strain–hardening behavior is dose independent, that is to say, a same strain-hardening in both 



���

�

irradiated and unirradiated but heavily work-hardened materials: (i) a �������	 ���	 ������-

���������	��������	���	��	�������	��	���	�������	�����������	��	����������	���������	���	

��	 ���	 ������	 �����������	 ��	 �����������	 ���������"	 ����	 ���	 �����������	 ��	 ����������	

���������	���	��	�������	��������	�����������	���������	���	����	�(����	������)��	�* !"

In high cycle fatigue [47], slip trace with a regular spacing are also clearly visible and extend 

through the grains, suggesting that softening is associated with the formation of localized 

deformation bands (e.g. precipitate-free channels are obtained after 120 fatigue cycles with a 

mean width and spacing of respectively 30 nm and 550 nm, which are similar to channels mean 

width and spacing reported by Farrell et al. in neutron-irradiated 316 SS). See Figure 17. 

Figure 17: Localized deformation bands in A-286 specimen after 120 cycles [47] 

In short, clear bands seen in irradiated metals can be considered as a facet of the broader 

phenomenon of work softening [44]. 

4.7.   Open issues 

Even if channels are not specific to irradiated materials, it is in the nuclear industrial field that 

this problem is predominant, because irradiation strongly promotes their appearance. Various 

works were devoted to understand their basic mechanisms of formation, appearance, and 

transmission to boundaries, allowing us, now, to perceive how and where clear bands are 

susceptible to appear and which sort of interaction they imply in the microstructure. 

However, not everything is completely understood. There is no clear criterion to decide what 

exactly starts channel formation, nor what inhibits it or under which conditions they are 

clearly observable and they can be considered as a clear band, having effect on the 

microstructure. In the earliest stage of their formation, clear bands have still defects inside: 

how long does the complete transformation last? Under which level of stress can a clear band 

disappear? No clear responses can be given to these question, but modeling is expected to 

help, by allowing simulations of realistic configurations. This is why the next section is 

devoted to giving further evaluation of clear bands characteristics. 
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5. Qualification of clear bands 

Even if the main mechanisms governing clear banding are broadly understood, the 

qualification of clear bands is difficult, because their development inside the material depends 

on several parameters that no single experiment can characterize completely. Mainly, 

experiments concern one dose and one temperature. Only a few in-situ experiments are 

performed and do not reach all the objectives because a clear band is formed quite quickly. 

The full development of a slip band takes place in less than a second and even less than a 

millisecond [1,48,49]. This suggests that several thousand of dislocations moved 

simultaneously in an instant to form such dislocation channel that depends of the velocity of 

glide of dislocations, that is to say, the stress, and therefore the strain rates [44].  

It is difficult to identify precise parameters defining the channels, like width, spacing or 

density (frequency), because these vary from grain to grain in the same material under the 

same conditions [1,18]. Of all, the width of the channels seems to be a parameter of some 

significance. It might be determined, according to Ghoniem et al. [36], by the size of the 

obstacles on the glide plane and the distance between the sources and the boundaries, based 

on the mechanism of climb-controlled glide of dislocations in the channels. However, so far 

this suggestion has not been validated by experiments. Hiratani et al. [50] have argued that the 

stress-induced transformation of SFTs into FSLs (Franck Sessile Loops) combined with the 

double cross slip of screw dislocations may control the width of cleared channels. However, 

the hypothesis of the collapse of SFTs into FSLs has not been confirmed experimentally 

either. Thus, at present, there seems to be no clear, complete and reliable explanation for the 

large variability in the width of cleared channels observed experimentally [18]: the few 

available experiments and the limited reproducibility of the experimental conditions, as well 

as the large variation from grain to grain, convey some difficulty to express even only 

qualitative rules. 

One recurrent observation is the relatively constant width of a channel along its length. If we 

follow the explanation of Sharp on copper [48], he assumes that there is a constant factor 

controlling the amount of cross-slip. This is probably the stress concentration at the head of a 

pile-up of dislocations which forms at the beginning of the development of the slip band. 

Dislocations which cross slip to a plane at too large a distance from the plane of the pile-up 

will be immobile because the force on the dislocation from the applied stress and the stress 

concentration from the pile up is too small at this distance to push the dislocation through the 

irradiation produced defects. A single dislocation without the help of a pile up cannot 

penetrate the defects.  

In some cases, restricted to alloys containing precipitates [51], the channel width changes. 

The particles lying in the channels are generally surrounded by a high local density of 

dislocations extending over distances which is frequently greater than the local channel width. 

Despite this variability, some data of general validity can be obtained on clear band width and 

spacing and on the parameters influencing these features. 
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5.1.   Dependence on strain 

In general it can be noticed that, with increasing strain, there is increase in channel width and 

frequency, as well as higher density of interaction of channels with other channels, grain 

boundaries, or annealing twins [25].  

Indeed, just before plastic yielding, only a few isolated thin dislocation channels form, that 

spans the entire grain and end at grain boundaries. They appear due to existing stress 

concentrations able to initiate channels before macroscopic yield. Past the yield point, an 

increasing number of channels appear, though considerable variability exists from one grain 

to another. Near the ultimate tensile strenght, dislocations produce a tangled network, 

uniformly distributed throughout the regions in-between the channels and most grains exhibit 

a high degree of channeling.  

Figure 18:�Microstructure in 4-dpa specimen deformed at slow strain rate [24] 

At this stage of the deformation, the microstructure [18] can present different generations of 

visible cleared channels that appear to have formed at different stages during the deformation 

(Figure 18). Clearly, the first generation of channels is wider than the last generation of 

channels, which are merely connecting the adjacent primary channels, but for some reason, 

does not extend past these channels to the other parallel channels. Actually, new slip systems 

are activated that produce larger channels and smaller narrow channels connected to adjacent 

primary channels that subdivide the crystal volume into smaller rectangular volumes allowed 

to slide or rotate semi-independently of each other.  

5.2.   Dependence on SFE 

SFE allows the ability to form a stacking fault, i.e. a planar defect involving wrong sequence 

of atomic planes, to be quantified. It plays a key role in the localized deformation behaviour, 

because it affects the dislocation planar glide and cross slip abilities responsible for channel 

clearing [15]. 

A low SFE prompts much more planar slip behaviour because dislocations in low SFE metals 

are more prone to split into partial dislocation: the width of the stacking fault varies inversely 

with SFE. Consequences are inhibition of cross slip and production of large dislocation 
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pileups on the primary slip planes: the dislocation glide occurs on one slip plane mostly. At 

higher strains, when conjugate slip systems become active, the intersection of dislocations 

leads to rapid hardening. Banded, linear arrays are observed in the dislocation microstructure 

and dense dislocation channels are formed after irradiation [14,15,28,48]. For fcc materials 

with low SFE, deformed microstructures are also characterized by twin bands, associated 

stacking fault fringes and martensitic lamellae [28,41]. 

Inversely, a high SFE material is more prone to cross-slip, so dislocation tangle and less cell 

structure and less dislocation channels are observed, although in both cases of course channels 

are observed. The effects of SFE on the width, on the other hand, are not well distinguished: 

channels seem to be wider and more dense in low SFE according to [15], but narrower with 

less conspicuous defect clearing according to [37]. Interestingly, in [47] the material with the 

lowest SFE was the most susceptible to IASCC, while the materials with intermediate and 

high SFE exhibited moderate and no susceptibility to IASCC, respectively. 

5.3.   Dependence on irradiation dose 

It is observed that both channel width and spacing increase with dose, indicating fewer but 

wider channels at higher doses. These results agree with the expectation that at higher doses 

deformation becomes more localized and confined [1]. Nevertheless, for copper it is observed 

that, after receiving high doses, the channel width is smaller. This could be due to the fact that 

the glide dislocations meet a higher density of defects [48]. This is explained arguing that, 

after heavier dose, a larger stress will be required to move the dislocation on its glide plane 

(higher density of defects) and dislocations in the plane of the pileup will be immobile, 

resulting in a narrower channel, as observed. A lower deformation temperature will have the 

same effect. 

5.4.   Channel orientation 

Channels are formed in a privileged orientation. By inspecting the pictures shown in the 

Figures of this report, it is noticed in a large number of cases that channels are formed in a 

direction of ~45° from the stress direction. It seems a quite natural direction, given that this is 

the direction of the maximum resolved shear stress and so the direction privileged for the 

formation of a channel. Since the maximum resolved shear stress varies from one grain to 

another when a tensile specimen is loaded in uniaxial tension, the values of estimated resolved 

stress can varied widely for different dislocation channels. However, there is a tendency for 

the resolved shear stress to be greater when the angle is around 45° in all cases [52]. 

An accurate study has been performed, on 316 Stainless Steel, about effect of orientation on 

channels and twin [24]. It confirms the idea that, for irradiated materials, channels are mainly 

formed around 40°- 50° with respect to the loading direction (Figure 19). For the highest dose 

at fast strain rate this is more probably a measure of twin orientation. But it is important to 

consider that the variation extends on the range 30°-90°. 
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Figure 19: Fraction of the step angle for different irradiation rates [24] 

  

It is worth to notice that the fraction of smaller step angle increased with increasing strain 

level. This is probably due to grain rotation toward the tensile axis in the necked region during 

further straining after the step formation.  

Orientation seems to have an effect on the width of the localized deformation, especially at 

high dose. Actually, it seemed that there is a dose dependence on the correlation between 

channel width and resolved shear stress: they both increase with increasing dose (see also 

5.3). This result suggests that at higher dose (higher density of irradiation-induced defect 

cluster) the rapid deformation could occur with locally forming wider dislocation channels 

due to high resolved shear stress. Also, channel width seems to be wider when the angle 

between tensile direction and dislocation slip direction is close to 45° [52].  

5.5.   Collection of data 

As discussed in section 3.3 there are no clear criteria to determine the appearance of channels. 

They are formed even before the yield drop, even in specimens irradiated to only 0.01 dpa 

where no yield drop was observed and even after annealing [18]. 

Also the fact that a considerable grain-to-grain variation exists, obliges experimentalists to 

choose typical grains. This implies that there is significant uncertainty, accentuated by a 

deviation within a single grain [1]. Nevertheless, it is still useful to collect experimental data, 

at least to be aware of the orders of magnitude. All data that could be found are summarized 

in the tables that follow. 
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5.6 Conclusions on this part 

The variation of dislocation channel characteristics for each material, each grain and each 

irradiation condition make it difficult to identify a specific type of 'standard' channel, given 

the experimental conditions. Nevertheless it is possible to give a trend on their development 

and configurations, as was the objectives of the present survey. 

It appears that channels mainly propagate at an angle of 45 ° from the tensile axes and span 

the entire grain. At reasonable stress, they stop at the grain boundary but, if the pile-up effect 

on the grain boundary is large enough, one can observe a channel going through the barrier. 

To simplify the modelled microstructure, other obstacles (mainly twins), will not be 

considered. So, to anticipate a bit on the future step of this work, the modelling cell or 

Representative Volume Element can be represented as below (Figure 20). 

Figure-20: Representative Volume Element 

The main parameters to vary will concern the material (e.g. Young Modulus, Poisson 

coefficient, yield stress, ...) the geometry (width and space width of the channel, orientation, 

size of the grain and the channel, …), and some others parameters referring to the model of 

plasticity. 
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6. Concluding remarks 

This review summarizes the state of art on dislocation channels from the global effects on the 

mechanical behavior to the possible explanation of their formation and finally quantitative 

measurement of their characteristics.  

It appears that, whatever the basic mechanism of strain localization processes, the symptoms 

of work-softening in the tensile curve and the simultaneous occurrence of local bands of 

deformation is observed. It seems reasonable, therefore, to assume that these dislocation 

channels are associated with, and probably responsible for, the yield point drops and 

reductions in work hardening rates.  

The difficulty to observe clear bands results in situations, in some cases, where work-

softening is not followed by the observation of clear bands. As pointed out by Farrell, Byun 

and Hashimoto [1], the occurrence of a yield point drop coupled with reduced work-hardening 

is a potentially surer sign of strain localization. The opposite is not true: the absence of a yield 

point drop and no significant reduction in work-hardening rate does not necessarily signify 

absence of strain localization. In short, dislocation channels seen in irradiated metals are only 

a facet of the broader phenomenon of work-softening.  

The main limitation of this review lies in the accuracy of the data and the lack of some pieces 

of information: the methodology to obtain irradiation samples, the way to observe these 

channels and particularly the absence of studies in which, at the same time, microscopic 

observations and mechanical data are reported. 

Nevertheless, the information is quite enough to be used to set up a computational model of a 

clear-banded microstructure. The challenging aspect of modelling clear band effect is instead 

the extreme localization of the plasticity in a grain. This forces one to use comprehensive 

tools to be able to reproduce the localization effect on the grain, understand how the stress 

field can be redistributed inside it and at the boundary, assume a criterion for the appearance 

of other channels and describe their interaction with the grain boundary. 
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5.6.  Conclusions on this part 

The variation of dislocation channel characteristics for each material, each grain and each 

irradiation condition make it difficult to identify a specific type of 'standard' channel, given 

the experimental conditions. Nevertheless it is possible to give a trend on their development 

and configurations, as was the objectives of the present survey. 

It appears that channels mainly propagate at an angle of 45 ° from the tensile axes and span 

the entire grain. At reasonable stress, they stop at the grain boundary but, if the pile-up effect 

on the grain boundary is large enough, one can observe a channel going through the barrier. 

To simplify the modelled microstructure, other obstacles (mainly twins), will not be 

considered. So, to anticipate a bit on the future step of this work, the modelling cell or 

Representative Volume Element can be represented as below (Figure 20). 

Figure-20: Representative Volume Element 

The main parameters to vary will concern the material (e.g. Young Modulus, Poisson 

coefficient, yield stress, ...) the geometry (width and space width of the channel, orientation, 

size of the grain and the channel, …), and some others parameters referring to the model of 

plasticity. 
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of work-softening in the tensile curve and the simultaneous occurrence of local bands of 

deformation is observed. It seems reasonable, therefore, to assume that these dislocation 

channels are associated with, and probably responsible for, the yield point drops and 

reductions in work hardening rates.  

The difficulty to observe clear bands results in situations, in some cases, where work-

softening is not followed by the observation of clear bands. As pointed out by Farrell, Byun 

and Hashimoto [1], the occurrence of a yield point drop coupled with reduced work-hardening 

is a potentially surer sign of strain localization. The opposite is not true: the absence of a yield 

point drop and no significant reduction in work-hardening rate does not necessarily signify 

absence of strain localization. In short, dislocation channels seen in irradiated metals are only 

a facet of the broader phenomenon of work-softening.  

The main limitation of this review lies in the accuracy of the data and the lack of some pieces 

of information: the methodology to obtain irradiation samples, the way to observe these 

channels and particularly the absence of studies in which, at the same time, microscopic 

observations and mechanical data are reported. 

Nevertheless, the information is quite enough to be used to set up a computational model of a 

clear-banded microstructure. The challenging aspect of modelling clear band effect is instead 

the extreme localization of the plasticity in a grain. This forces one to use comprehensive 

tools to be able to reproduce the localization effect on the grain, understand how the stress 

field can be redistributed inside it and at the boundary, assume a criterion for the appearance 

of other channels and describe their interaction with the grain boundary. 
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