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Anomalous slip in body-centred cubic metals

Crystal strength and plastic flow are controlled by the motion and interaction of dislocations, the line defects carrying atomic shear increments. While, in most crystals, deformation develops in the crystallographic planes where the glide force acting on dislocations is maximum, plasticity in body-centred cubic (BCC) metals is more complex. Slip systems where the resolved shear stress is not the highest can dominate at low temperature, leading to anomalous slip 1,2 . Using in situ tensile tests in a transmission electron microscope we show that anomalous slip arises from the high mobility of multijunctions 3 , i.e. junctions between more than two dislocations, which glide at a velocity several orders of magnitude larger than single dislocations. These multi-junctions result from the interaction of a simple binary junction with a gliding dislocation. Although elasticity theory predicts that these binary junctions should be unstable in crystals with a weak elastic anisotropy like tungsten, both experiments and atomistic simulations reveal that such junctions can be created under dynamic conditions, in agreement with the existence of anomalous slip in almost all BCC metals, including tungsten 4,5 .

Anomalous slip is a long standing and still unsolved problem in the field of the mechanical properties of body centred cubic (BCC) metals. First observed in niobium 6 and since then extensively studied in different BCC metals (Extended Data Tab. 1), it is characterized by the occurrence of long and straight slip bands in non-expected {110} planes with low resolved shear stresses, namely in planes where dislocations are subjected to quite low driving forces, about two-times lower than for the primary slip system. This is clearly at variance with the usual behaviour, also observed beside anomalous slip, where wavy and non-crystallographic slip bands correspond to the most activated slip systems.

 . These planar networks contain the two screw families activated in the bands, which react to form junctions with Burgers vectors.

Proposed models of anomalous slip are based either on surface effects easing glide of dislocations in the anomalous planes [START_REF] Marichal | Origin of anomalous slip in tungsten[END_REF][START_REF] Saka | HVEM in-situ observation of anomalous (101) slip in molybdenum[END_REF][START_REF] Matsui | A mechanism of the unexpected {110} slip observed in BCC metals deformed at low temperatures[END_REF] or on the presence of the above-mentioned planar networks. As pointed by Tayor [START_REF] Taylor | Comments on `a mechanism of the unexpected {110} slip observed in BCC metals deformed at low temperatures[END_REF] , surface effects fail to account for all characteristics of anomalous slip, in particular the activation of two dislocation families. In models based on planar networks, the two dislocation families composing the network are assumed to move cooperatively in the anomalous plane, at a lower applied stress than isolated dislocations thanks to the easiest nucleation of kinks on screw dislocations at the network nodes [START_REF] Matsui | Anomalous {110} slip and the role of co-planar double slip in BCC metals[END_REF][START_REF] Bulatov | Nodal effects in dislocation mobility[END_REF][START_REF] Yang | Quantitative understanding of anomalous slip in Mo[END_REF][START_REF] Holzer | Plastic deformation of magnetically isotropic Cr single crystals compressed at 77[END_REF] .

In situ straining experiments in a transmission electron microscope (TEM) have shown that such a cooperative motion of dislocations inside the network do exist [START_REF] Saka | HVEM in-situ observation of anomalous (101) slip in molybdenum[END_REF][START_REF] Louchet | A possible explanation for the anomalous slip of BCC metals from "in situ" experiments[END_REF] . However, the networks observed in TEM are so imperfect that it is difficult to imagine how they could glide as a whole over long distances. One thus still does not fully understand the exact origin of anomalous slip in BCC metals.

Our in situ TEM straining experiments performed in niobium show the usual low-temperature plastic behaviour of BCC metals. Screw dislocations belonging to four different families glide slowly and steadily in non-crystallographic slip planes (Extended Data Fig. 1), in agreement with a motion controlled by the nucleation of kink-pairs. Their average velocity is of the order of 5 nm/s. Dislocation networks are also identified (Extended Data Fig. 2). They are made of two interacting screw dislocation families with Burgers vectors and which form junctions with Burgers vector . These networks glide in the plane containing the three dislocation families, with a velocity of about 15 nm/s for the fastest nodes, only slightly higher than neighbouring isolated screw dislocations. Networks are thus not much more mobile than individual dislocations. The often-proposed mechanism, with easy kink nucleation at the nodes leading to fast glide of the network in the anomalous slip plane, is thus inoperative in real situations where dislocation networks are not perfectly planar.

Surprisingly, our experiments also reveal a completely different and new behaviour, a very fast motion of a group of four straight screw dislocations connected at a single node (Fig. 1ac). These dislocations glide cooperatively over large distances at a velocity higher than 50 μm/s, thus several orders of magnitude higher than individual dislocations. This fast motion is generally issued from a dense region containing tangles of two or more dislocation families and leaves two sets of horizontal traces at the two foil surfaces corresponding to the two orthogonal glide planes and . Twenty similar events have been recorded in different Nb samples (see Extended Data Fig. 3 for some more examples),

showing that such a motion is not unusual. The four screw dislocations connected at the node have necessarily different Burgers vectors that sum up to zero, explaining why no dislocation is left behind after the node has glided. Relaxing in atomistic simulation such a node connecting four screw dislocations with Burgers vectors , , and , one sees that the node prevents the dislocations from conserving their screw orientation and that the dislocations relax to a mixed orientation in their and glide planes, with the node producing the kinks necessary to the dislocation motion. When an external stress is applied, the kinks move to the dislocation extremities and the dislocations tend to recover their screw orientations.

Then, the node produces new kinks by the same mechanism, which yields the long-range motion observed in experiments. Further analysis with anisotropic elasticity theory (Supplementary Materials) shows that the line tension exerted by the dislocations on the node is responsible for this relaxation of the dislocations from a screw to a mixed orientation and that this behaviour is generic to BCC metals. Once the dislocations have lost their screw character, they can glide without experiencing any noticeable lattice friction under a small applied stress, leading to the fast and long-distance motion observed in TEM. The four dislocations recover their screw character when they stop at an extrinsic obstacle. The node can only glide along the direction defined by the intersection of the two planes, thus constraining and on the one hand, and and dislocations on the other hand, to glide respectively in and planes. Since the four dislocations glide cooperatively at an abnormal high velocity in planes and where the driving resolved shear stress is not the highest (see Extended Data Table 2 for resolved shear stresses in the different slip planes), we believe that such a highly surprising behaviour is the true origin of anomalous slip.

In situ TEM straining experiments reveal, with the help of atomistic simulations, the detailed mechanism leading to the formation and then the fast glide of such four-dislocation node (Fig. 2). The starting configuration is made of two screw dislocations and which have reacted to form a junction with Burgers vector . Atomistic simulations (Fig. 4a and Ref. 21) and anisotropic elasticity (see Supplementary Information) show that such a reaction is energetically favourable in niobium. All dislocations, the two and screw dislocations and the junction reaction are contained in their common slip plane. Another screw dislocation with Burgers vector glide in direction of the junction in the primary plane where the resolved shear stress is maximum. Upon intersection with the junction , both dislocations react to form a dislocation with the fourth Burger vector . Experiments do not allow imaging the reaction product of this interaction, as all dislocations on the left of the initial junction escape out of the observation zone in less than 40 ms just after the interaction, but atomistic simulations (Fig. 3a) confirm the creation of this dislocation, leading to two nodes connecting four dislocations with different Burgers vector. In the video frame just after the interaction (Fig. 2c), four new horizontal slip traces have been created on the thin foil surface and several dislocation segments have disappeared. As clearly seen on the differential image (Fig. 2e), three of these slip traces are connected to the , , and screw dislocations which have escaped to the left. The fourth slip trace on the bottom surface of the thin foil is necessary due to the glide of the dislocation, as a result of the mechanism described in what follows. Once the dislocation has been created by the reaction between and , this dislocation segment extends and forms a screw dislocation dipole in the plane emerging at the bottom surface of the thin foil (Fig. 2i,j). Molecular dynamics simulations (Fig. 3b) reproduce well the bowing of this dislocation under an applied stress, leading to the creation of the four-dislocation node. The whole configuration is then divided in two parts: a group of four screw dislocations connected to a node, which rapidly glide to the left, and a remaining tangle on the right (Fig. 2j,k). In the last video frame (Fig. 2d), only this tangle is present, with the dislocation forming another screw dipole with a direction corresponding unambiguously to its Burgers vector and allowing its identification.

The existence of four-dislocation node in BCC metals has already been discussed by Bulatov et al. [START_REF] Bulatov | Dislocation multi-junctions and strain hardening[END_REF] , but with dislocations belonging to three different planes intersecting along a direction. These multi-junctions are then strong anchoring points, leading to substantial strain hardening and acting as dislocation sources. The multi-junctions observed here are different, corresponding to four dislocations belonging to two different planes intersecting along a direction. Being highly mobile, they lead to the reverse effect and are a source of considerable softening.

These highly mobile multi-junctions offer a nice explanation to the occurrence of anomalous slip in BCC metals, starting from a large network of dislocations and (Extended Data Fig. 4). Such networks are created after activation of dislocations glide in their most favourable planes and result from mutual blocking of dislocations and which form arrays in the plane containing them. The formation of large planar arrays is helped by the associated decrease of the elastic energy, because of a substantial twist component. Incoming dislocations , which glide in the primary plane, will form many glissile multi-junctions when intersecting such networks. This will result in further glide of and dislocations in the plane and in deviation of dislocations from their primary to the slip plane where they will glide with dislocations. It is important to note that none of the four dislocations can cross slip during their cooperative glide motion, which results in a very planar slip in and planes. In this description, and dislocations glide in many parallel slip planes, thus producing fine slip traces, hardly visible, at the surface of the sample.

On the other hand, all and dislocations glide in a single plane, namely the plane of the starting network, which results in a very coarse and straight slip band characteristic of anomalous slip. This mechanism also agrees with the average shear direction intermediate between two Burgers vectors directions and with the absence of dead band usually observed in anomalous slip conditions.

junctions resulting from the interaction of two screw dislocations appear an essential ingredient of anomalous slip, as they are necessary to the creation of glissile multijunctions. According to anisotropic elasticity (Supplementary Materials and Ref. 22), such junction reactions are stabilized by a decreasing ratio of the shear moduli . This agrees with the observation [START_REF] Seeger | Anomalous slip -A feature of high-purity body-centred cubic metals[END_REF] that activity of anomalous slip in BCC metals correlates with the anisotropic ratio and is more prominent for small values, like in niobium ( ). Elasticity predicts that formation of junctions becomes unfavourable in metals where this ratio is larger than ~0.8. In particular, in the isotropic case of tungsten ( ), atomistic simulations confirm that the interaction of two screw dislocations do not spontaneously lead to the creation of a junction (Fig. 4b). This appears in contradiction with the existence of anomalous slip in tungsten [START_REF] Kaun | Slip line patterns and active slip systems of tungsten and molybdenum single crystals weakly deformed in tension at room temperature[END_REF][START_REF] Marichal | Origin of anomalous slip in tungsten[END_REF] . In situ TEM tensile tests give the solution to this apparent paradox. Despite the energy cost of these junctions in tungsten, they can be created in dynamic conditions from two intersecting screw dislocations (Fig. 4c). TEM reveal that these dislocations glide under an applied stress only on one side of their contact point and remain immobile on the other side, thus leading to the creation and extension of a junction. Molecular dynamics simulations (Fig. 4d) show that this dynamic creation of a junction is a consequence of the preferential nucleation of kinks at the node [START_REF] Bulatov | Nodal effects in dislocation mobility[END_REF][START_REF] Yang | Quantitative understanding of anomalous slip in Mo[END_REF] connecting the two screw dislocations leading to an increased mobility of one half of the screw dislocations. This mechanism will be less effective when the energy cost of junction reactions becomes too high, i.e. in metals where the anisotropy ratio is much larger than 0.8. This explains why no such junction, and no anomalous slip, has been ever observed in iron which has the highest ratio ( ) among all BCC metals.

Anomalous slip observed at low temperature in BCC metals arises thus from the unusual high mobility of multi-junctions. Depending on their configuration, multi-junctions in BCC metals can be either a source of hardening as already demonstrated [START_REF] Bulatov | Dislocation multi-junctions and strain hardening[END_REF][START_REF] Madec | Second-order junctions and strain hardening in BCC and FCC crystals[END_REF] or a source of softening as in the present case where anomalous slip takes place. Understanding and modelling the formation of these multi-junctions necessitates going beyond some usual simplifications in dislocation theory, with elastic anisotropy being a key ingredient and the creation in dynamic conditions of junctions which would have been found unstable with a criterion based solely on energy. Finally, our study illustrates the necessity to image in situ the motion of dislocations during deformation to fully understand dislocation interaction controlling plasticity, as these highly mobile four-dislocation nodes responsible of anomalous slip would have been absent in post-mortem observations.

Methods

Experiments.

Experiments have been carried out in a high-purity (5N) niobium single crystal bought at Goodfellow and in a tungsten single crystal containing less than 1 ppm of O, C, N, and Si, and less than 0.1 ppm of other elements, given by P. Gumbsch and D. Weygand and already used in previous studies [START_REF] Brunner | Comparison of flow-stress measurements on high-purity tungsten single crystals with the kink-pair theory[END_REF][START_REF] Caillard | Geometry and kinetics of glide of screw dislocations in tungsten between 95K and 573[END_REF] .

Nb microsamples have been cut in a plane with a tensile direction which is always vertical in the images. The direction corresponding to the Burgers vector of the junction JR is accordingly horizontal. As this direction lies in the foil plane, this makes it possible to observe the fast motion of the four-dislocation node along this direction.

Otherwise the node would have rapidly disappeared at a surface. Referring to the stereographic projection in Fig. 2, dislocations with Burgers vectors , , and are activated in planes , , and . Most observations are carried out with the diffraction vector , for which all dislocations are in contrast, but other diffracting conditions and are also sometimes used. After complete contrast analyses, it appeared that straight screw dislocations could be easily identified via their apparent direction in projection on the screen plane.

Nb microsamples are strained in the Gatan low-temperature straining holder working at 95 K and W samples at 373 K in a high-temperature straining holder locally developed at Toulouse.

Samples are observed in a JEOL 2010-HC TEM operating at 200 kV. Video sequences are recorded using a MegaView III camera at a rate of 50 images per second and analysed frame by frame.

The signs of moving dislocations, which determine their capabilities to react with each other, are unambiguously deduced from their directions of motion under the tensile applied stress.

Atomistic simulations.

Atomistic simulations have been performed using the LAMMPS code [START_REF] Plimpton | Fast parallel algorithms for short-range molecular dynamics[END_REF] with the EAM potential of Fellinger et al. for niobium [START_REF] Fellinger | Force-matched embedded-atom method potential for niobium[END_REF] and the MEAM potential of Park et al. for tungsten [START_REF] Park | Ab initio based empirical potential used to study the mechanical properties of molybdenum[END_REF] .

Molecular statics relaxations are performed with the Fire algorithm [START_REF] Moseler | Structural relaxation made simple[END_REF] , using a threshold criterion of 5 meV/Å on atomic forces for all Cartesian coordinates. A NVE ensemble is used for molecular dynamics simulations, with an initial thermalization stage to initialize the temperature. Constant strain rate conditions are imposed by controlling the average displacement of the upper and lower layers of the simulations cell, using the flexible boundary conditions introduced by Rodney [START_REF] Rodney | Activation enthalpy for kink-pair nucleation on dislocations: Comparison between static and dynamic atomic-scale simulations[END_REF] .

The simulation cell used for the relaxation of the four-dislocation node (Fig. 1) is defined by the three vectors , and with free surfaces in all Cartesian directions. Four screw dislocation segments with Burgers vectors , , and are introduced so as to intersect on a node located in the simulation cell at the two thirds of the cell height in the direction.

The four dislocation segments come out of the simulation cell on each external edge.

The formation of the four-dislocation node in niobium (Fig. 3) is modelled in a simulation cell defined by , and , with free surfaces in all Cartesian directions.

A binary screw junction formed by two intersecting screw dislocation segments with

Burgers vectors and is introduced piecewise in the centre of the simulation cell (Fig. 3a). The junction has a length of , with the lattice parameter. After relaxation of the junction, a third screw dislocation with Burgers vector is introduced. It intersects the junction in its middle. Upon relaxation, the junction unzips, leading to the creation of a mixed dislocation with Burgers vector and of length (Fig. 3a). The bow-out of this dislocation (Fig. 3b) is simulated with molecular dynamics simulations in the same simulation cell, but for an initial length of this dislocation. The temperature is K and the strain rate s -1 .

The simulation cell used to study the formation of the junction in Nb and W (Fig. 4) is defined by the vectors , and , with periodic boundary conditions along the first direction and free surfaces for the two other directions. Two screw dislocations with Burgers vectors and , which intersect in the centre of the simulation cell, are introduced. Relaxation by molecular statics leads to the spontaneous creation of a junction in Nb (Fig. 4a), but not in W (Fig. 4b). The molecular dynamics simulations showing the dynamical creation of a junction in W are performed at K and at a strain rate s -1 . A network formed by and screw dislocations in plane is intersected by dislocations which glide in the principal slip system. The interaction results in the creation of highly mobile junctions, leading to long-distance glide of and dislocations in a single plane and of and dislocation in many parallel slip planes. 
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 1 Figure 1: Rapid glide of a node connecting four screw dislocations in niobium.
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 2 Figure 2: Formation and rapid glide of a four-dislocation node in niobium.
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 3 Figure 3: Atomistic simulations of the formation of a four-dislocation node in niobium.
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 423 Figure 4: Formation of a junction by intersection of two screw

Table 1 : Experimental observation of anomalous slip in different pure BCC metals.

 1 V, Nb and Mo exhibit similar properties, namely (i) anomalous slip slightly below the athermal temperature of the Peierls mechanism, i.e. in a large part of the temperature domain of the Peierls mechanism, and (ii) evidences of two dislocation families in the anomalous plane either by TEM (noted "two b's") or via slip line observations showing no dead band (noted "no dead band"). Anomalous slip is similar but appears a little bit more difficult in Ta where lower temperatures are required, namely temperatures substantially lower than the athermal temperature of the Peierls mechanism. This latter difference appears clearly in the direct comparison of Nb and Ta by Wasserbäch[START_REF] Wasserbäch | Anomalous slip in high-purity niobium and tantalum single crystals[END_REF] . For W, anomalous slip is reported in the work of Kaun et al.[START_REF] Kaun | Slip line patterns and active slip systems of tungsten and molybdenum single crystals weakly deformed in tension at room temperature[END_REF] , although the term was not yet established, and more recently in the work of Marichal et al.[START_REF] Marichal | Origin of anomalous slip in tungsten[END_REF] . Anomalous slip has been observed only very recently in Cr by Holzer et al.[START_REF] Holzer | Plastic deformation of magnetically isotropic Cr single crystals compressed at 77[END_REF] . Remarkably, Fe exhibits no anomalous slip at all.

	Metal	Deformation	Athermal	Temperature range of	Dislocation	Orientation of the	Ref.
		mode	temperature of	anomalous slip,	activity	tension/compression axis in	
			the Peierls	most relevant in red		the elementary stereographic	
			mechanism	(temperature range		triangle	
				investigated between			
				brackets)			
	V	compression	Ta # 400K	77-173K (77-295K)	No dead band centre and close 001	[33]
		tension	[32]	77K (77-298K)			[34]
		tension		77K (77K)	No dead band between centre and 001	[35]
	Nb	?	Ta=300K	?	?	?	[6]
		tension-	[42,43]	77K (77K)			[36]
		compression					
		tension		4.2K-77K (4.2-77K)		between centre and 001	[37]
		tension		50K	Two b's	close 001	[12]
		tension		77K (77K)	No dead band centre and close 001	[38]
		tension-		below 200K	No dead band	centre	[39]
		compression		(77-473K)	two b's	and between centre and 001	
	Mo	tension	Ta=450K	300K (300K)	Two b's	centre	[4]
		compression	[44,45,46]	300K (300K)	Two b's	centre	[13]
		tension		77 K (77K)	Two b's		[10]
	Ta	tension-	Ta=400K	77K (77-500K)	No dead band centre and	[39]
		compression	[40,47,48]			between centre and 001	
		tension-		4.2K-77K		close 001	[40]
		compression		(4.2-450K)			
		tension-		77K		centre and close 001	[41]
		compression		(77-293K)		in tension	
	W	tension	Ta=600K	300K (300K)		centre	[4]
		compression	[49,50]	300K (300K)		centre [-150]	[5]
	Cr	compression	Ta=400K	77K (77K)		centre	[19]
			[51]				
	Extended Data					

Table 2 : Schmid factors of the different slip systems for a tensile axis.

 2 The resolved shear stress for a slip system with a Schmid factor is , with the tensile stress applied along axis. The slip systems, which are easier to activate, are the ones with the highest Schmid factors. The maximum Schmid factors are obtained for dislocations and gliding respectively in and , thus defining the primary slip systems (in bold). In situ TEM tensile experiments (Figs.1 and 2) show that the same and dislocations glide in , despite the lowest Schmid factor (indicated by a *) and that and dislocations glide in (also indicated by a *).
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