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Abstract Based on the embedded atom method we have studied dislocation bypassing of nanophases in a model for face-centered cubic (fcc) alloys. A system in which either a purely screw or a purely edge dislocation crosses Ni3Al nanophases with L12 order in a Ni single crystal is employed as an archetypal case for strengthened fcc alloys. For a radius up to 1.5 nm the dislocations cut the nanophase and the depinning stress is found to be proportional to the area of the nanophase. For larger radii, the dislocation circumvents the nanophase and leaves an Orowan loop around the inclusion with the depinning stress increasing as the logarithm of the inclusion radius, in agreement with predictions drawn from an analytical theory proposed by Bacon, Kocks and Scattergood (Phil Mag 1973; 28: 1241). The theory is extended to determine the logarithm pre-factor for the looping regime and the depinning stress needed to cut through the nanophase. The theoretical predictions are then compared to atomistic simulations. Ó 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. Keywords: Dislocation; Depinning; Strengthened alloys



1. Introduction Progress in up-rating outputs of energy reactors is determined by our ability to design materials suitable for use at high temperatures. Strengthened alloys are good candidates for this challenging task. In these metals, the motion of dislocations is obstructed mostly by point-like obstacles, hindering the plastic ﬂow and thereby preserving the eﬃciency of the initial design. Extensive experimental investigations and theoretical models of particle strengthening can be found in the literature (for a review see e.g. [1–3]). As well as analytical approaches, computer simulations to investigate the interaction of dislocations with diﬀerent obstacles were ﬁrst performed using the discrete dislocation model. The latter emerged from the pioneering work of Foreman and Makin [4] and Scattergood and Bacon [5] in the 1970s, where *
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dislocations were described as a connected set of straight segments. Those works can be considered as the ancestors of the discrete dislocation dynamics (DDD) models [6,7] that are now highly eﬃcient at modelling multi-dislocation dynamics on the microscopic scale, i.e. inside a grain of metal. On the basis of their computational results from a DDD model, Bacon, Kocks and Scattergood (BKS) [8] established an analytical model where the critical resolved shear stress (CRSS) required for an edge dislocation to bypass a regular array of non-penetrable inclusions can be written as: Gb ½lnðDÞ þ B; ð1Þ 2pL where G is the shear modulus, b, the Burgers vector, D ¼ 2rL , the harmonic average between the precipitate diameter 2rþL 2r and the distance L that separates the centres of inclusions, and B is an adjustable parameter which can be related to the inner cutoﬀ radius q of the elastic theory [9]; throughout B = ln(q). The latter relation is intended to sloop ¼
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represent the dislocation core contribution. The BKS theory implies several approximations, thoroughly described in the original BKS paper [8] and various improvements have also been proposed (see e.g. [10,11]). The DDD models allow simulation of many dislocations but they approximate roughly the atomic details of dislocation core, which is better modelled using atomic-scale simulations (ASSs), based on the embedded atom method (EAM) [12,13]. For that reason, the latter was recently employed to study the depinning of dislocations from voids [14,10], stacking fault tetrahedra [15] or interstitial loops [16]. However, because of the computational load of such a method, it cannot be used to model material within realistic dimensions. We are therefore compelled to take up the challenge of a multi-scale approach where the information captured at the atomic scale must be incorporated into some analytical formula along the lines of Eq. (1), which can then be extrapolated to larger scales and remains tractable in other dislocation models. In the present work, we propose to apply such a method to the NiAl-based alloys, reinforced with ordered Ni3Al precipitates. The response of such alloys to stress and temperature variations is similar to other types of strengthened materials, e.g. oxide dispersion strengthened (ODS) alloys [17], and they beneﬁt from a long-standing use in aeronautics, and as such have been the subject of much fundamental research [18–21]. 2. Atomistic simulations of bypassing The depinning threshold of dislocations from a distribution of Ni3Al nanophases with L12 order in a Ni single crystal is computed using the EAM energy model proposed in Ref. [22]. To study the dislocation depinning from nanophases, the simulation cell was set up with the following crystal geometry: the ½1 1 2 direction in x, the [1 1 0] direction in y, and the ½1 1 1 direction in z. The details for the construction of the simulation cell, for the shear stress application and for the introduction of the dislocations have been detailed extensively in earlier works [16,23– 25,13]. The dislocation’s Burgers vector is b ¼ a20 ½1 1 0, which corresponds to the dislocation line direction for the screw dislocation and to the glide direction for the edge one. Here, a0 represents the lattice parameter of the Ni fcc lattice. A method of trial and error on the applied stress allows us to determine the CRSS associated with a row of nanophases. The precision of our method is set arbitrarily to 1 MPa. The periodic boundary conditions along the dislocation line result in a periodic array of obstacles with spacing denoted by L, corresponding to the dimension of the simulation cell in that direction. The dimension of the simulation cell perpendicular to the glide plane, and in the glide direction were chosen such that the depinning threshold shows a negligible dependency with respect to them. To determine how the CRSS varies as a function of the radius r of the spherical Ni3Al nanophases and their spacing L, diﬀerent conﬁgurations are generated with r in the



interval 0.5–3 nm and L in the interval 12.9–51.7 nm. For the diﬀerent values of L, and for the diﬀerent types of dislocation, i.e. screw and edge, it is found that up to a critical value rcrit  1.5 nm the dislocation cuts through the Ni3Al precipitate. Although they concern diﬀerent systems, with diﬀerent crystal symmetry and diﬀerent precipitates, the earlier ﬁndings from Osetsky and Bacon [10] on the edge dislocation in a-Fe agree with our results since they found rcrit  2 nm. However, in contrast to Osetsky and Bacon, in the present case, once the dislocations are depinned from the Ni3Al obstacles, they bear no jog, which indicates that no vacancy forms during the bypassing. This is mainly due to the weak mismatch between the Ni crystal matrix and the Ni3Al precipitate, which in the present EAM model is of the order of 1%. Fig. 1 shows a typical snapshot of the cutting process for an edge dislocation bypassing a Ni3Al nanophase. The dislocation, as expected in fcc metals, is dissociated in the glide plane, in two Shockley partial dislocations (SPDs), i.e. a leading and a trailing one. The bypassing reaction path diﬀers according to the dislocation type. As seen from Fig. 1, for an edge dislocation the leading partial penetrates ever further into the precipitate with increasing external stress, while the trailing partial remains repelled by the precipitate interface. At the critical stress, both partials penetrate the precipitate completely and eventually release from it, leaving behind two half-spherical shells shifted with respect to each other by one Burgers vector. These results for edge dislocation bypassing with a small nanophase are essentially the same as those obtained with a diﬀerent EAM by Kohler and Kizer [26]. For a screw dislocation (see Fig. 2), in contrast to the edge, both SPDs penetrate the nanophase at the same time and the stacking fault ribbon shrinks between the SPD segments that are situated inside the ordered precipitate. At a critical radius rcrit P 1.5 nm, for both types of dislocations the bypassing yields an Orowan loop. A snapshot



Fig. 1. Snapshots of the depinning for an edge dislocation anchored on a periodic array of nanophases with radius 1 nm, separated by L = 29.9 nm.
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Fig. 2. Snapshots of the depinning for a screw dislocation anchored on a periodic array of nanophases with radius 1 nm, separated by L = 12.44 nm.



of such a process is presented in Fig. 3 for the edge dislocation; Fig. 4 shows the corresponding process for the screw dislocation. In the initial stage, the reaction paths diﬀer according to the dislocation type, as for the cutting process. The ﬁnal stage of bypassing is similar for both the edge and the screw dislocation: an Orowan loop circumvents the nanophase. The transient states of the loop nucleation, however, diﬀer. In the case of a screw dislocation, both SPDs are constricted inside the ordered inclusions before producing a circumventing loop, whereas in the case of edge dislocation two distinct loops appear inside



Fig. 4. Snapshots of the depinning for a screw dislocation anchored on a periodic array of nanophases with radius 2 nm.



screw



edge



Fig. 5. Saddle-state for bypassing a Ni3Al nanophase with radius r = 3 nm for the edge and for the screw dislocations.



the nanophase – each one stemming from a diﬀerent SPD – and these then combine into a single loop in the dislocation glide plane. For both types of dislocation the process passes through a state of maximum energy: the saddle-state which was recognized during the simulation and reported in Fig. 5. We note that the proﬁles of the dislocation segments that run outside the nanophase also diﬀer, having larger bows for the edge than for the screw dislocation. In order to complete our study of bypassing in ASSs, we examine the second passage of an edge dislocation after a ﬁrst bypassing where the Orowan loops have been formed previously on a periodic array of inclusions with radius r > rcrit. The snapshot of the simulation is presented in Fig. 6 where the formation of two jogs can be seen. The critical stress required for the second passage is few per cent smaller than for the ﬁrst passage. 3. Analytical models Fig. 3. Snapshots of the depinning for an edge dislocation forming an Orowan loop around the nanophase with radius R = 3 nm. The circle represents the surface of the nanophase.



The comparison of the analytical BKS theory with ASSs shows that the theoretical formula Eq. (1), with a single
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Fig. 6. Snapshots of the depinning for an edge dislocation anchored on a periodic array of nanophases circumvented by loops, pre-formed by a previous bypassing. Two jogs are formed in the course of the second bypassing.



parameter q, does not allow accurate computation of the variation in CRSS with the nanophase radius r. The best adjustment of q in Eq. (1) leads to a slope much smaller than what was dereived from ASSs. In Fig. 7 the ASS data from Osetsky and Bacon [10] for edge dislocations bypassing voids and Cu precipitates in a-Fe are shown as symbols. The same dimensionless coordinates as in Fig. 16 in Ref. [10] were used. We also present in Fig. 7 our ASS data for the CRSS associated with the bypassing of Ni3Al nanophases by an edge dislocation, with an interobstacle distance of 25.8 nm. The predictions from the original BKS theory, Eq. (1), are reported as dashed lines for comparison with ASSs. For voids and Cu precipitates in a-Fe, we used the estimate given in Ref. [10] for q, i.e. for voids  ln(q/ b) = 1.52 and for impenetrable obstacles  ln(q/b) = 0.7. The adjustment of q in Eq. (1) on the ASS data for the Orowan looping of Ni3Al nanophases yields a curve very



close from the one found for Cu precipitates in a-Fe, so this is not plotted in Fig. 7 for sake of clarity. In the three different cases, the slope of the CRSS predicted by the theory remains smaller than what is expected from ASSs. Multiplying the elastic shear modulus with a factor a > 1, in the logarithm pre-factor in Eq. (1) allowed us to achieve a better adjustment, as seen in Fig. 7, in which the modiﬁed BKS theory predictions are plotted as continuous lines. The rescaling of the logarithm pre-factor in the BKS theory involves a change in the adjustment of q to ﬁt properly the ASS data. The values found for the adjusted parameters a and q for the three systems are given in Fig. 7. In Fig. 8a and b our ASS results for the CRSS have been reported for bypassing of edge and screw dislocations, respectively. The simulations were performed for diﬀerent interobstacle distances L and show that the transition between cutting and looping mechanism occurs around the same rcrit  1.5 nm, and that for the same size of inclusions the CRSS for screw dislocations is higher than that for edge dislocations. An extension of the theory is proposed to approximate analytically the Orowan CRSS, i.e.



a



600



L = 12.9 nm L = 17.2 nm L = 25.8 nm L = 51.7 nm theory (looping) theory (cutting)



500



Orowan looping ρ = 1.165 b = 0.29 nm



400 Cutting mechanism



σc [MPa]



5568



300



σm = 2660 MPa dSPD = 2.8 nm



200



100



0.5



1



1.5



2



2.5



3



r [nm]



b



76 b



α=



1.45



0. ,ρ=



0.4



2, ρ



α



0.2



.0 =2



=



9 2.5



5,



b



α



=



3.3



ρ



=



6b



4



8



L = 12.44 nm L = 25.86 nm L = 50.00 nm theory (looping) theory (cutting)



Orowan looping ρ = 1.165 b = 0.29 nm



1000



Ref. 13 ASS on Cu precipitates in α-Fe Ref. 13 ASS on voids in α−Fe ASS Ni3Al bypassing in Ni (present work)



0



1400 1200



5.9



σc [MPa]



σc / (μb / L)



0.6



16



(2 r L) / b / (2 r + L) Fig. 7. Critical shear stress against inclusion radius computed from atomic-scale simulations (ASSs) (symbols) for voids and Cu precipitates in a-Fe (from Fig. 16 in Ref. [10]) and for the L12 Ni3Al nanophases in Ni (see legend). The dashed lines correspond to the original BKS theory, Eq. (1), as used in Ref. [10] and the continuous lines corresponds to a modiﬁed BKS theory detailed in the text. The x-axis is log-scaled.
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for obstacles with r > rcrit. This eliminates the rescaling factor a which we introduced empirically in the BKS theory to obtain a satisfactory matching between ASS data and theory. Far from the obstacle the dislocation is straight. After bypassing, once the dislocation has run over a large enough distance, the system is then composed of a straight dislocation and a loop formed by circumventing the obstacle, provided that the latter is strong enough to avoid simple shearing. The diﬀerence in energy between these two states is simply the energy Eloop(r) for a loop with radius r, equivalent to the size of the inclusion. According to Ref. [9], the energy of a circular loop with a radius r and with a Burgers vector b lying in the loop plane is:     2m 4r Gb2 r ln Eloop ðrÞ ¼ 2 ; ð2Þ 4ð1  mÞ q where q is an eﬀective dislocation core radius and m is the Poisson ratio of the matrix. As a consequence, a lower bound for the CRSS is obtained from equating Eq. (2) with the work from the applied stress. The latter corresponds to the energy that must be provided in order to transform a straight dislocation into a dislocation circumventing a spherical shape. This corresponds to a very simpliﬁed concept of ASSs presented in Fig. 5. The corresponding supplementary work implied by the presence of the obstacle is therefore sloopb A, where A = 2L r  pr2 is approximately the area swept by the dislocation to circumvent the obstacle. The area swept by the bowing dislocation in the interobstacle spacing must not be included here since the corresponding stress work essentially results in dislocation bending. The critical stress can thus be approximated by:     2m Gb 4r sloop ¼ ln 2 : ð3Þ 4ð1  mÞ 2L  pr q In Fig. 8a, we represent with continuous lines the CRSS computed from Eq. (3). The theory agrees with the corresponding simulation data for the edge dislocation, with the only condition being to ﬁx q = 1.165b. However, it must be emphasized that q was adjusted with respect to a single set of ASS data corresponding to only one value for L and this adjustment proves satisfactory for the two other obstacle spacings, and for all r > rcrit. The theoretical estimates derived from Eq. (3) have been obtained with the proper physical constants associated with the EAM employed to simulate the Ni–Ni pﬃﬃﬃ interactions [22]: ˚. G = 74.6 GPa, m = 0.28 and b ¼ a0 = 2 with a0 = 3.52 A The same reasoning holds obviously for the screw dislocation, and Eq. (3) provides us with a lower bound for the screw depinning threshold. The comparison between the ASSs for screw dislocations and Eq. (3) with the same parameters as for the edge shows that the latter actually underestimates the ASS results. It is noteworthy that the diﬀerence shrinks when L increases as can be seen from comparison between Fig. 8a and b. In the BKS theory [8], the CRSS associated with a screw dislocation is obtained from that for an edge dislocation
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divided by a factor (1  m). This rescaling ﬁnds its physical substantiation in the change of line tension according to the nature of the dislocation. In agreement with such a change from the saddle-state conﬁguration found in ASSs and reported in Fig. 5, it was noticed that the proﬁles of the dislocations diﬀer between the screw and the edge cases, the former being much ﬂatter than the latter. As a simple empirical approach, we thus estimate the screw CRSS through Eq. (3) in which we divide sloop by the same factor (1  m) as in BKS theory. The results can be compared with ASSs in Fig. 8b with the same parameter q as for the edge type in Fig. 8a. Although the previous reasoning remains far from a proper analytical derivation for the CRSS of screw dislocations, the satisfactory agreement obtained in comparison to ASSs is worth mentioning here. Concerning nanophases with radii inferior to rcrit, from our ASSs we noticed that for the edge dislocation the saddle-state for the cutting mechanism was obtained when the leading partial enters inside the nanophase; meanwhile the trailing partial remains at the surface of the spherical inclusion. In theory, we are therefore compelled to consider the dislocation dissociation. Let us denote by rm the critical stress required for a straight dislocation to penetrate a semi-inﬁnite Ni3Al phase with L12 order and by dSPD the separation distance between the SPDs. The latter quantity is easily independently computed from ASSs for pure Ni metal from bypassing simulations [23,24]. Within the present EAM we obtained a dissociation width dSPD = 2.8 nm for an edge dislocation and dSPD = 1.5 nm for a screw dislocation, in agreement with Ref. [24]. This quantity depends on the EAM which is employed to model the alloy and as such can diﬀer in different EAMs. We also computed rm from ASS in which a very large Ni3Al ordered precipitate was placed into the simulation cell. In this ASS the radius of the phase was chosen equal to L/2 to force the dislocation to penetrate the Ni3Al phase with no bending and no free space in between obstacles. For both types of dislocations we found rm = 2660 MPa with an error bar of 10 MPa. In the following both rm and dSPD are ﬁxed parameters, i.e. no adjusting procedure will be required in the following model. We assume that the dislocation bending can be neglected. For the nanophases with radii larger than dSPD/2, according to the schematic view for the edge dislocation saddle-state reported in Fig. 9, the area swept by the dislocation inside the nanophase is B = r2[p  x + cos(x)sin(x)], with cos(x) = dSPD/r  1. To reach the saddlestate, the work exerted on the dislocation is estimated as rmb B and must be equated to the total work applied to the dislocation to force both SPDs to enter the particle, this work is approximately given by sb L dSPD. The equality between the previous quantities gives the cutting stress threshold: scut ¼



rm r2 ½2p  2x þ sinð2xÞ: 2Ld SPD



ð4Þ
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L Fig. 9. Schematic representation of the saddle-state for bypassing of an edge dislocation during the cutting of a small nanophase.



When r < dSPD/2, the area B is simply the total area of the particle, i.e. B = pr2, and the stress threshold for cutting such nanophases is thus given by: scut ¼



rm pr2 : Ld SPD



ð5Þ



The results obtained throughout this theory are presented as dashed lines in Fig. 8a and b for edge and screw dislocations, respectively. It is worth noting again that no adjustable parameters are needed to obtain a satisfactory agreement with ASSs, but the parameters can be calculated from the atomistic simulations. The model was applied to both dislocation types with no change into Eqs. (4) and (5), though it was necessary to switch to the proper dSPD. 4. Conclusion Employing ASSs, the depinning of dislocations was studied in an EAM model for NiAl alloy, in which a regular row of equidistant Ni3Al nanophases was placed across the slip system. In agreement with earlier ASSs from diﬀerent authors and for diﬀerent systems, two different bypassing mechanisms were identiﬁed as function of the inclusion radii r: particle cutting below rcrit  1.5 nm and Orowan loop formation above this value of r. The analytic model developed in agreement with the present ASSs extends the description of the earlier BKS theory [8] to strengthened fcc metals where the dislocations dissociate into Shockley partials. From the comparison between the analytical model and ASSs it was shown that for nanophases with small radii the CRSS varies proportionally to r2 with a pre-factor depending on the stacking fault ribbon width. Above rcrit the CRSS is a logarithm function of r and varies with the inverse of the interphase spacing as predicted by the BKS theory. The logarithmic pre-factor of such a law was found to be ð2mÞGb given by 4ð1mÞð2LprÞ for the edge dislocation and ð2mÞGb 4ð1mÞ2 ð2LprÞ



for the screw one.



To compare the present results to some experimental data, the interobstacle spacing can be related to the mean
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