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a b s t r a c t At the atomic level, irradiation hardening of a body-centered-cubic (bcc) crystal of iron is investigated through the study of a dislocation interaction with nano-sized obstacles of various types, i.e. nano-voids, dislocation loops with h1 0 0i and 1/2h1 1 1i Burgers vectors, and C15 clusters. The dislocation pinning is common to every type of cluster excepted for loops with 1/2h1 1 1i Burgers vector, the mobility of which allows them to glide along with dislocation, thence yielding a minor contribution to hardening. At bypassing of anchoring clusters, the dislocation is found to yield a pair of jogs throughout a process of local climb due to the absorption of vacancies or of self-interstitial atoms that form the clusters. In order to rationalize our simulation results, we have employed an analytical theory proposed by Bacon and Scattergood (1982) which is extended phenomenologically to treat all anchoring defects, including C15 clusters and h1 0 0i loops. For small clusters, below 17 elementary defects, the simulation results deviate from the analytical predictions, and the different types of cluster correspond to different pinning strengths amongst those of C15 clusters appear to be the largest, emphasizing a possible important contribution to irradiation hardening in iron based alloys. Ó 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.



1. Introduction Nuclear reactor engineering is demanding materials with high resistance to elevated temperatures and irradiation doses, some requirements that have long been recognized into the bcc iron based alloys [1]. In the long term use of these materials [2], the motion of dislocations is obstructed by nano-sized clusters made of vacancies or self-interstitial atoms (SIA), i.e. the elementary point like defects produced in the crystal along the collisions between its atoms with incident neutrons and the subsequent displacement cascades. The accumulation of obstacles makes the mobility of dislocations more and more limited and consequently increases the fragility of the material, which contributes to explain qualitatively why the ductile to brittle transition (DBT) is displaced toward higher temperatures with irradiation doses [3]. Regarding the variety of obstacles, iron has a speciﬁc feature compared to all other bcc metals. The Burgers vectors of dislocation loops observed by transmission electron microscopy (TEM) are either 1/2h1 1 1i or h1 0 0i, depending on temperature [4,5], whereas in other bcc metals, most of loops have 1/2h1 1 1i Burgers vector. For sizes between single elementary point like ⇑ Corresponding author. E-mail address: [email protected] (L. Proville). http://dx.doi.org/10.1016/j.actamat.2015.07.067 1359-6454/Ó 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.



defects and nanometric clusters, the TEM observations have not sufﬁcient precision to conclude but using the predictive power of modern electronic structure calculations, a new class of interstitial clusters has been found in bcc iron [6,7]. With a three dimensional structure by contrast with the conventional two dimensional dislocation loops, these clusters have a structure which corresponds to the C15 Laves phase. In iron, these C15 aggregates are highly stable, immobile and can form spontaneously under irradiation, growing through the capture of single self-interstitial atoms. The density, kinetics and the growth of these obstacles are still under debate [8–10] as well as their involvement with the microstructure. The present study allows us to shed light onto the C15 clusters interaction with dislocations by comparison with the more conventional obstacles observed in different experimental works such as voids and dislocation loops with 1/2h1 1 1i or h1 0 0i Burgers vectors [2,11–13]. Computer simulations to investigate the interaction of dislocations with different obstacles have ﬁrst been performed through the discrete dislocation model. The latter emerged from the pioneering work of Foreman [14] and Bacon [15] in the seventies, where dislocations were described as connected segments within line tension approximation. These works can be considered as the ancestors of the discrete dislocation dynamics (DDD) models [16,17] that are now highly efﬁcient to model many-dislocation
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dynamics at microscopic scale, inside a grain of matter. On the basis of their computational results, Bacon et al. (BKS) [18] established an analytical model where the critical resolved shear stress (CRSS) required for an edge dislocation to bypass a regular array of inclusions can be written as



sBKS ¼



    Gb 2rL þB ; ln 2pL 2r þ L



ð1Þ



where G is the effective shear modulus, b is the Burgers vector, r is the radius of the precipitate, L is the distance that separates the surfaces of inclusions and B is an adjustable parameter. It has been established that the CRSS associated to cavities is correlated to Eq. (1) with B = 1.52 while for impenetrable obstacles B = 0.7, as determined from dawning DDD computations [15,19]. Based on the embedded atom method (EAM) [20,21] the interaction of dislocations with voids [22–25], stacking fault tetrahedra [26] or with interstitial loops [27–29] were studied at the atomic scale through molecular dynamics (MD) simulations. However, because of the computational load of such a method, it cannot serve to model materials within realistic dimensions and realistic deformation rates, compelling to take up the challenge of a multi-scale approach where the information captured throughout atomic scale simulations must be conveyed to larger scales. This task can be achieved either by adjusting DDD parameters to reproduce MD results [30,31] or by validating analytical theory as BKS that can be extrapolated to larger scales [23]. For the present study, we have chosen the second option. We employ an EAM well adapted for irradiation point defects in bcc iron [32], in order to realize the simulations for dislocation interaction with the different types of obstacles potentially yielded by irradiation [6,7]. We conﬁrm that Eq. (1) with B = 1.52 predicts satisfactorily the CRSS associated with voids above a certain size, with no more adjusted parameter. Noteworthily the very same equation is also shown to be well adapted to predict the CRSS associated with clusters of SIA, i.e. dislocation loops with h1 0 0i Burgers vectors, as well as for C15 clusters. The rather good agreement between theory and simulations holds for clusters of sizes larger than a certain number of elementary defects, i.e. down to 17 SIA for loops and C15 clusters and down to 17 vacancies for voids, which corresponds to a radius of 5 Å, approximately. Below this threshold the C15 clusters are found to be the strongest obstacles to the passage of dislocations. The dislocation loops with 1/2h1 1 1i Burgers vectors are found to present a much smaller resistance to dislocation passage, as their intrinsic mobility allows them to glide along with dislocations. The present paper is organized as follows. First, in Section 2 the simulations for the depinning process of dislocations are described and the CRSS associated with the different types of obstacle is computed. The results are analyzed in Section 3 while our conclusions are drawn in Section 4. 2. Simulations of dislocation depinning Our study is limited to the case of edge dislocations as their mobility is characterized by small Peierls barriers, in contrast to screw ones, the glide of which implies the propagation of kinks and a particular theoretical treatment [33,34] to determine correctly the stress threshold at which the glide process occurs. The depinning threshold of an edge dislocation from a distribution of nano-sized obstacles in a bcc iron single crystal is computed through the EAM named after M07 in Ref. [32]. The main interest of using this inter-atomic potential is to reproduce well the relative stability of defect clusters yielded by irradiation, in comparison to ab initio computations [6]. The variability of our results according to the atomic-scale model is discussed later on. To study the dislocation depinning, the simulation cell was set up with the following



 direction in X, the [1 1 1] direction in crystal geometry: the ½1 1 2  0 direction in Z. The details for the construction of Y, and the ½1 1 the simulation cell, for the shear stress application and for the introduction of the dislocation have been detailed in earlier works [21,27,35–37]. The dislocation’s Burgers vector is b ¼ a20 ½1 1 1, which corresponds to the glide direction for the edge dislocation. Here, a0 represents the lattice parameter of the perfect bcc lattice of a-Fe. A single cluster made of either vacancies or SIA’s is introduced at a position as far as possible from the dislocation and an energy minimization procedure is applied to ﬁnd the ground state of the system. The periodic boundary conditions along the direction X, i.e. the dislocation line, result in a periodic row of obstacles with spacing corresponding to the dimension of the simulation cell in the X direction. The applied stress is incremented gradually by 5 MPa and a relaxation procedure is applied after each increment, which allows us to determine the CRSS in quasi-static conditions by contrast with some previous studies where the deformation rate was imposed [23–25]. The dimensions of the simulation cell perpendicular to the glide plane and in the glide direction were chosen such that the depinning threshold has a negligible dependency with respect to these dimensions. The spherical obstacles as voids or C15 clusters are introduced in the simulation cell such that the dislocation glide plane cuts the obstacle through its largest dimensions. It has been shown [38] that the pinning strength remains signiﬁcant provided that the dislocation glide plane intersects the obstacle boundary surface, although it decreases gradually with the distance of the glide plane to the largest section of a void. The trend is the same for the different types of obstacle, even for planar ones such as loops the habit plane of which intersects the dislocation glide plane. In the case of loops with a f1 0 1g habit plane, i.e. the same as the dislocation glide plane, the range of the interaction is limited to the nearest planes to the glide plane while for other obstacles the interaction expands over the size of the obstacles. The probability for a dislocation to cross a loop with a f1 0 1g habit plane is therefor independent of the loop size by contrast with other obstacles. As a consequence, we can expect a minor role for such obstacles in the statistics of dislocation pinning. For that reason, we consider only the loops that cross the dislocation glide plane. The loops are introduced in the simulation cell such that their intersection with the dislocation glide plane corresponds to their diameters. In agreement with earlier studies [25,38,39], the dislocation is attracted by voids and enters in them creating surface steps, and ﬁnally breaks away when the applied stress reaches the CRSS. The edge dislocation climbs by absorbing few vacancies from the void during the interaction. The number of absorbed vacancies depends on the size of the obstacle but the absorption sites correspond to the region of compression of the edge dislocation. In Fig. 1(a), we have reported a sequence of images from our simulations, which conﬁrms the sketch of the interaction between the dislocation and voids. As shown in Fig. 1(b) for C15 clusters and in Fig. 1(c) for loops with h1 0 0i Burgers vector, our simulations show that the depinning process for obstacles made of SIA’s is the same as for voids, but the climb is inverted because of the nature of the defects (compare insets with jogs in Fig. 1(a) and in Fig. 1(b and c)). The interstitial atoms are preferably absorbed in the region of tensile stress around the dislocation core. In the case of h1 0 0i loops, in agreement with the work from Terentyev et al. [28] we have observed that the reaction with the dislocation depends on the size of the loop. After bypassing small loops, a part of the loop is left behind the gliding dislocation whereas for loops above a certain critical size (comprised between 49 and 97) the bypassing leads to the total absorption of the loops and to the formation of large jogs on the dislocation line. The previous works
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 direction. The Fig. 1. (a–c) Snapshots of the crossing process for an edge dislocation in interaction with a periodic row of nano-obstacles, separated by L = 21 nm in X ¼ ½1 1 2 obstacles are made of (a) voids with 10 Å diameter, (b) C15 nano-cluster of 49 SIA’s and (c) dislocation loop with h1 0 0i Burgers vector, of 49 SIA and with orientation v1 (see text). The different stages of the simulations are represented: (i) before bypassing at a stress smaller than the Peierls stress (25 MPa), (ii) the dislocation is anchored on the obstacle at a stress of the order of the Peierls stress, (iii) at the critical resolved shear stress, the dislocation reaches a proﬁle with a maximal bend, (iv) after bypassing. The SIA’s added in the bcc crystal are colored in violet and other atoms are colored in orange if their ﬁrst neighbor cell does not ﬁt the bcc local symmetry. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)



either from Osetsky and Bacon [39] or from Terentyev et al. [28] were performed with different EAM interatomic potential for a-Fe and with different stress control ﬁxed by a constant strain rate. The fact that similar results are found in the present study although the simulation techniques are different makes us conﬁdent in their robustness. The dislocation bypassing has been



examined with different orientations of the habit plane for h1 0 0i loops, hereafter named v1 and v2. The former (chosen in Fig. 1(c)) leads to an attractive interaction whereas the interaction is repulsive with the latter. Another point of interest is the characteristic shape of the dislocation at the CRSS. While it is very similar in the case of voids and
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C15 clusters, with a well pronounced cusp which corresponds to the formation of a screw dipole behind the obstacle, in the case of h1 0 0i loops the angle between the two branches of the dislocation is ﬁxed by the orientation of the loop itself and we notice the absence of screw dipole. In spite of these differences in the way the bypassing proceeds, the level of CRSS is only slightly modiﬁed as shown further. In the all three cases shown in Fig. 1, we notice the formation of vacancies at boundary of the obstacles (see insets). The interactions between the dislocation and the SIA loops with 1/2h1 1 1i Burgers vector differ from that with other clusters. We have noticed that after the procedure of energy relaxation the 1/2h1 1 1i loops extend over several atomic planes thence yielding a faulted ribbon which forms a cylinder. This ribbon like form is a property inherent to the internal structure of SIA defects situated along the h1 1 1i directions. The most stable conﬁguration of a single SIA situated along the h1 1 1i direction corresponds to the crowdion conﬁguration in which the atoms along the h1 1 1i direction are slightly displaced from their equilibrium position. Those displacements decrease gradually from the center of mass of the defect to few nearest neighbor distance [40] along the h1 1 1i lines. The 1/2h1 1 1i dislocation loops corresponds to a bunch of crowdions defects bonded by a very small attractive lateral crowdion– crowdion interaction [41], which preserves the two dimensional character of the dislocation loops. The ribbon like form comes from the relaxation of crowdions along the h1 1 1i direction which is larger for the defects located in the middle of the loop compared to those close to the border. Fig. 2(a) reproduces the typical result from our simulations (see inset (i) in Fig. 2(a)). The SIA that have been introduced in the perfect bcc lattice (the atoms colored in violet in Fig. 2(a)) are surrounded by a ribbon of fault, an assembly of atoms initially situated near the perfect lattice sites of the bcc lattice and which after energy relaxation have no longer the bcc



symmetry in their ﬁrst neighbor cells (atoms colored in red in Fig. 2(a) (i)). The formation of such a faulted ribbon can be viewed also as the consequence of the low migration energy barrier of these loops much like h1 1 0i{1 1 1} dislocations in face centered cubic crystal that are well-known to have small Peierls barriers. We also notice that the habit planes of the 1/2h1 1 1i loops rotate when these loops are situated in the vicinity of the edge dislocation. Such a rotation, also observed by different authors [42] is shown in Fig. 2(a) from insets (i, ii and iii). The SIA’s that we have introduced (atoms colored in violet) and that initially determined the habit plane are eventually transferred into nearly perfect lattice sites, and at the end of relaxation procedure the orientation of the habit plane has changed to minimize the interaction energy with the dislocation. According to our tests with quasi-static simulations, i.e. in absence of thermal effects, below a critical number of interstitial atoms, denoted by nsia (we have determined that 8 < nsia < 17), the interaction with the dislocation is not sufﬁcient to unpin the 1/2h1 1 1i loop from the crystal lattice and the reaction between the dislocation and the loop is then similar to what have been described for the h1 0 0i loops (see Fig. 1(c)). Above nsia , the interaction with the dislocation overpasses the loop migration barriers and the loops glide with the dislocation under the effect of the applied stress. This process is described in Fig. 2(b). Since with thermal effects the mobility of loops increases [43], it seems reasonable to think that increasing temperatures leads to a decrease of the critical number nsia and that for high enough temperatures the loops of all sizes are dragged by edge dislocations. We can therefore expect that in iron based alloys where the edge dislocations propagate in the very ﬁrst stage of the deformation tests (i.e. under small applied stresses) and vanish at the surfaces, the irradiation yielded 1/2h1 1 1i loops should be dragged by edge dislocations toward surfaces. Hence, even though the formation of



Fig. 2. (a) On the left-hand-side, simulation cell with an edge dislocation in interaction with a loop which Burgers vector is 1/2h1 1 1i. The color code is the same as in Fig. 1. The loop spreads spontaneously over few inter-atomic distances. Once placed in the stress ﬁeld of the dislocation its habit plane rotates to achieve the minimal energy conﬁguration (see text). Three stages of the rotation have been represented on the right-hand-side. The atoms colored in violet, initially SIA’s become atoms of the perfect lattice in the course of the habit plane rotation. (b) Snapshots of edge dislocation glide in interaction with a 1/2h1 1 1i loop made of 49 SIA’s. The different stages of the simulations are represented: (i) initial conﬁguration at a stress smaller than the Peierls stress (25 MPa), (ii) the dislocation glides toward the loop at a stress of the order of the dislocation Peierls stress, (iii) the loop becomes mobile at a sufﬁciently large stress, (iv) once the loop is depinned the dislocation and the loop glide all together. The atoms colored in violet mark the initial position of the loop. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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1/2h1 1 1i loops could be a dominant process in the course of irradiation [44], along the very ﬁrst stage of a deformation process the material could be swept up by the edge dislocations and only irradiation defects that are different from 1/2h1 1 1i loops could remain in majority.



Fig. 3. (a) Critical resolved shear stress (CRSS) for the edge dislocation crossing a periodic row of nano-voids against void radius computed with different atomicscale models. The inter-obstacle distance is L = 21 nm, i.e. the distance between the void and its ﬁrst periodic images. For comparison, CRSS for crossing C15 made of different numbers of SIA (empty circles) have been reported at radii corresponding to the same numbers of vacancy (see text). (b) CRSS computed for different L and for different types of obstacles: C15 clusters, voids with 49 vacancies, 1/2h1 1 1i loops with 49 self-interstitial atoms (SIA’s) and h1 0 0i loops with 49 SIA’s and different orientations of habit plan (v1 and v2). (c) Same as in (B) but for 97 vacancies in voids and 97 SIA’s in C15 and h1 0 0i loops. In the three graphics, the theoretical formula given by Eq. (1), with the single parameter B = 1.52, is plotted as a dashed line.
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In Fig. 3(a), we have reported the CRSS computed from atomic-scale simulations for voids against the radius of the void. In order to show how our computations vary according to the inter-atomic potential model, we have repeated the same computations with different EAM’s [45,46]. From the data reported in Fig. 1(a), one notices that the different models lead to comparable critical stresses for voids. However, the relative stability [6] of the different clusters is only described satisfactorily by the EAM used for the present work. In Fig. 3(a), we have also plotted the CRSS obtained for the C15 clusters with different sizes, i.e. different numbers of SIA. We have ascribed these values at the radius that corresponds to the void with same number of vacancies. Due to their spherical geometries, the radius of voids and C15 clusters are similar. We remark in Fig. 3(a) that the C15 clusters correspond to the largest CRSS, especially at small sizes. The difference in strength increases as the cluster size decreases and the C15 clusters become neatly the strongest obstacles below 17 SIA’s. The dispersion of the data obtained for voids is related to the steps that may form at the surface of cavities when they are initially introduced in the simulation cell. In Fig. 3(b and c) the CRSS for different types of obstacle has been computed in different conﬁgurations, i.e. varying the sizes of the clusters and the inter-obstacle distances, i.e. the dimension of the simulation cell in X direction. In the same graphic, we report our results for the different types of cluster as a function of the number of elementary defects involved into their formations. The number of such elementary defects is denoted by nd and it may represent a number of vacancy in the case of voids or a number of SIA in the cases of loops and C15 clusters. Once again we remark in both graphics Fig. 3(b and c) that the C15 clusters are amongst the strongest obstacles along with the loops which Burgers vector is h1 0 0i. However, the pinning strength of these loops varies with the orientation of the habit plane. It has been found that one orientation of h1 0 0i loops corresponds to a pinning force smaller than C15 whereas another one has been predicted to be stronger. A thorough study of the micro-structure evolution, accounting for the formation energies would be required to determine the respective densities (i.e. the average inter-obstacle distances) and sizes of clusters in realistic conditions. The relative stability of C15 clusters [6] at small sizes, associated with the present results about their pinning strength allows us to think that these obstacles may play an important role in the plastic deformation of irradiated iron based alloys. In Fig. 3(b), we have reported additionally the applied shear stress required to make the dislocation gliding with a loop which Burgers vector is 1/2h1 1 1i (see Fig. 2). It appears clearly that the CRSS is much smaller than for other types of cluster which supports our belief that the contribution of these loops to the material hardening can be neglected. For inter-obstacle distances larger than 400 Å, the CRSS becomes comparable to the dislocation Peierls stress whereas it is found larger than 100 MPa for other clusters. Our conclusion is that the irradiation induced hardening of bcc iron based alloys would be mainly due to the formation of other types of cluster.



3. Theoretical analysis of atomic simulations The comparison of the predictions based on BKS theory for voids hardening Eq. (1) with atomic-scale computations is presented against the nano-void radius r in Fig. 3(a) and against the inter-voids distance L in Fig. 3(b), where we have reported the theoretical predictions as dashed lines. The effective modulus G is deﬁned by a formula established by Scattergood and Bacon [19]: 2



G ¼ Es =4pb where Es corresponds to the pre-logarithmic part of the screw dislocation energy. We have chosen G = 62.5 GPa as
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4. Conclusion
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Fig. 4. Critical shear stress computed from simulations (symbols) against the number of elementary defect involved into the different clusters: voids, C15 clusters and h1 0 0i loops with v1 orientation. The inter-obstacle distance is L = 420 Å. The dashed line corresponds to the predictions from Eq. (2) with a coefﬁcient C = 4.0.



earlier determined for the same system by different authors [23,25]. In a very same manner [23], the B parameter is ﬁxed to B = 1.52 provided that r and L are expressed in unit of b in the logarithmic term of Eq. (1). In our simulation cells, L  r such that the distance L can be considered as equal to the simulation cell dimension along X direction. It is remarkable that the parameters in Eq. (1) have not been adjusted to ﬁt the simulation data reported in Fig. 3(a–c) and that nevertheless the theory provides same trends as simulations with a rather good qualitative agreement. The theory deviates from simulation data for small cavities, i.e., r below 5 Å, which is not surprising since the BKS formalism was derived for obstacles larger than 10 nm [19,23]. In Fig. 3(a–c), the BKS theory is in rather good agreement with the CRSS computed from simulations for C15 clusters and h1 0 0i loops. To the degree of approximation of the theory, we can consider that the very same theory predicts well the pinning strength for C15 clusters as well as for h1 0 0i loops provided that we consider clusters with a number of SIA equal to the number of vacancy involved into voids. The reason for such a correlation remains unexplained theoretically. On the basis of our simulations we can nevertheless generalize BKS theory to obstacles as C15 clusters and dislocation loops with h1 0 0i Burgers vector. In Eq. (1), we substitute r using the dimensional argument r3 / nd which is valid for voids since their geometry is spherical above a certain radii. In the case of large inter-obstacle distances, r  L the generalized BKS theory writes as follows:



sBKS ¼



Gb ½lnðnd Þ þ C : 6pL



Employing an atomic-scale model for a-Fe, the depinning of an edge dislocation has been studied in simulations where a regular array of equidistant nano-obstacles was placed across the slip system. In agreement with earlier studies where different theoretical tools were used [15,19,39], the pinning of dislocation by nano-voids has been recognized as stronger than the process of Orowan loop formation which occurs when the dislocation encounters impenetrable obstacles. The pinning strength computation has been extended to other types of irradiation defect including the C15 clusters and the loops with either h1 0 0i or h1 1 1i Burgers vector. According to the present simulations, the C15 clusters correspond to pinning strengths larger than for other types of defect when the comparison is made between clusters involving the same number of elementary defects (i.e. SIA’s for C15 clusters and h1 0 0i loops and vacancies for voids). The difference in strength increases as the cluster size decreases and the C15 clusters become neatly the strongest obstacles below 17 SIA, i.e. at dimensions that are hardly visible with current experimental observation tools. At that sizes the C15 clusters are energetically the most stable interstitial defects in iron [6,7]. The present work can be viewed as preliminary to the determination of the role of C15 in hardening by irradiation in Fe alloys, which requires the proper determination of the different cluster densities and typical sizes. However, we have also shown that above 17 SIA, the C15 clusters and h1 0 0i loops correspond to pinning strengths similar to those for voids with same number of elementary defects. In this range of sizes where the different clusters have similar pinning strengths we have shown that the BKS theory could be applied to determine hardening with no adjustable parameter. The BKS law has been extended to C15 clusters and h1 0 0i loops (see Eq. (2)). The analytic theory has been found to correlate well with atomic scale computations for the pinning strength of voids, C15 clusters and h1 0 0i loops on the condition that we consider clusters with same numbers of SIA or vacancy. Although we admit that a serious theoretical grounding is missing, the practical interest of such a formula allowing us to estimate hardening for all types of cluster (excepted 1/2h1 1 1i loops which the contribution can be neglected) opens promising possibilities for a multiscale treatment of irradiation hardening. Conversely, the interaction with dislocation loops which Burgers vector is 1/2h1 1 1i impedes much less the dislocation mobility. We have shown that a moving edge dislocation could drag these loops in the glide direction under an applied shear stress much smaller than the CRSS obtained for other defects. Such a result allows us to expect that after the very ﬁrst stage of deformation in iron based crystals, where no edge dislocation appears because of their high mobility and their swallowing at boundaries, the 1/2h1 1 1i loops are cleaned up, possibly dragged to boundaries by the highly mobile edge dislocations. This sketch would provide the explanation for scarcity of 1/2h1 1 1i loops in the experimental observations at low temperatures [47,48].



ð2Þ



where C is a coefﬁcient which is related to B in Eq. (1). The predictions obtained through Eq. (2) have been reported in Fig. 4 where they can be compared to the simulation data for different clusters with different numbers of elementary defects nd . It clearly appears for all clusters that Eq. (2) gives the order of magnitude and the correct trend for the critical resolved shear stresses associated to every type of cluster, with only one adjusted parameter, namely C.
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