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            Abstract
Nearly 90 per cent of service failures of metallic components and structures are caused by fatigue at cyclic stress amplitudes much lower than the tensile strength of the materials involved1. Metals typically suffer from large amounts of cumulative, irreversible damage to microstructure during cyclic deformation, leading to cyclic responses that are unstable (hardening or softening)2,3,4 and history-dependent5,6,7,8. Existing rules for fatigue life prediction, such as the linear cumulative damage rule1,9, cannot account for the effect of loading history, and engineering components are often loaded by complex cyclic stresses with variable amplitudes, mean values and frequencies10,11, such as aircraft wings in turbulent air. It is therefore usually extremely challenging to predict cyclic behaviour and fatigue life under a realistic load spectrum1,11. Here, through both atomistic simulations and variable-strain-amplitude cyclic loading experiments at stress amplitudes lower than the tensile strength of the metal, we report a history-independent and stable cyclic response in bulk copper samples that contain highly oriented nanoscale twins. We demonstrate that this unusual cyclic behaviour is governed by a type of correlated â€˜necklaceâ€™ dislocation consisting of multiple short component dislocations in adjacent twins, connected like the links of a necklace. Such dislocations are formed in the highly oriented nanotwinned structure under cyclic loading and help to maintain the stability of twin boundaries and the reversible damage, provided that the nanotwins are tilted within about 15 degrees of the loading axis. This cyclic deformation mechanism is distinct from the conventional strain localizing mechanisms associated with irreversible microstructural damage in single-crystal12,13, coarse-grained1,14, ultrafine-grained and nanograined metals4,15,16.
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                    Figure 1: Microstructure of NT-Cu before and after cyclic deformation.[image: ]


Figure 2: History-independent cyclic deformation behaviour of NT-Cu.[image: ]


Figure 3: Cyclic deformation features of NT-Cu.[image: ]


Figure 4: CND morphology in cyclically deformed NT-Cu.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Engineering stressâ€“strain curves of NT-Cu, UFG-Cu and CG-Cu samples in uniaxial tensile experiments.
At least three repeated tensile tests were performed on each sample.


Extended Data Figure 2 Long-cycle symmetric tensionâ€“compression loading procedure imposed on NT-Cu samples.
Under strain control, a triangular wave loading profile was used. The applied plastic strain amplitude Î”Îµpl/2 increases stepwise from 0.02% to 0.04%, 0.06% and 0.09%, and then decreases back to 0.02%. N0â€‰=â€‰1,500 cycles, N1â€‰=â€‰500 cycles and Nf is the number of cycles up to final failure.


Extended Data Figure 3 History-independent cyclic response of NT-Cu.
Cyclic stress response as a function of the cumulative plastic strain for NT-Cu-A (a, b) and NT-Cu-B (c, d) cyclically deformed by increasing Î”Îµpl/2 step-by-step from 0.02% to 0.09% and decreasing back to 0.02%. Cyclic stress response of NT-Cu-A (e, f), UFG-Cu (h, i) and CG-Cu (k, l) cyclically deformed by increasing Î”Îµpl/2 step-by-step from 0.05% to 0.25% and decreasing back to 0.05%, with cyclic numbers of 70 at each Î”Îµpl/2. Their corresponding hysteresis loops (at the 50th cycle of each Î”Îµpl/2) are shown in g, j and m, respectively.


Extended Data Figure 4 Atomistic simulation setup.
a, Perspective view of the initial configuration of NT-Cu. b, Cross sectional view of a typical NT grain G4. Each grain in a has the same TB distribution. c, View of the NT-Cu sample in xâ€“y projection. The misorientation angle Î¸i (iâ€‰=â€‰1, 2, 3 and 4) of the ith grain represents the angle between its [110] direction and the y axis. Colours are assigned to atoms according to their local crystal structure. d, Simulated tensile loading and unloading stressâ€“strain curves of NT-Cu.


Extended Data Figure 5 History-independent cyclic response of NT-Cu demonstrated by MD simulations.
a, Three-step cyclic loading scheme. b, c, Simulated Î”Ïƒ/2 versus N relation and hysteresis loops. dâ€“f, Snapshots of NT-Cu captured at three sequential cycles (that is, Nâ€‰=â€‰1, 10 and 20) at Î”Îµt/2â€‰=â€‰1% (corresponding to Î”Îµpl/2â€‰=â€‰0.25%). Colours are assigned to atoms based on their spatial coordinates. g, CNDs formed by tail-linkage or TB transmission (indicated by black arrows) during cyclic loading. See Extended Data Fig. 7 for details on the formation mechanism of CNDs. Colours are assigned to atoms based on their local crystal structure. h, The dislocation density reaches a plateau after ten cycles at Î”Îµt/2â€‰=â€‰1%.


Extended Data Figure 6 Stability of NT structure under cyclic deformation.
The grain size (a, c, e, g) and twin thickness (b, d, f, h) distributions of both NT-Cu-A and NT-Cuâ€“B samples before (aâ€“d) and after being cyclically deformed to failure (eâ€“h), showing no detectable changes in the mean grain size and twin thickness between the as-deposited and cyclically deformed states. In each panel, the value given for d or Î» is the mean of the values plotted.


Extended Data Figure 7 Formation mechanism of CNDs in NT-Cu under cyclic loading.
a, Double Thompson tetrahedron representation of the slip systems in matrix (upper) and twin (lower). b, c, Atomic configurations of a typical CND projected along the [image: ] and [image: ] crystallographic directions. Atoms in fcc structure are made transparent for clarity. d, Perspective view of the same CND with hcp atoms hidden to emphasize the necklace-like feature of the dislocation. The inset shows the Burgers vectors of an extended stair-rod component of a CND which bends from the matrix to the twin plane. eâ€“h, Schematics showing the formation of CNDs through the linking of threading dislocation tails in adjacent twin layers under cyclic loading. iâ€“k, Sometimes threading tails can also slip across TBs.


Extended Data Figure 8 Deformation patterns in grains labelled as G1â€“G4 in Extended Data Fig. 4 after 20 tensionâ€“compression cycles with Î”Îµt2â€‰=â€‰1%.
aâ€“d, A single slip system is activated in G1 (a), whereas double slip systems are activated in G2â€“G4 (bâ€“d) during cyclic deformation. e, Parallel slip traces observed in G1. f, Numerous dislocation locks are observed in G4. gâ€“i, Snapshots showing a typical CND (indicated by black arrows) emerging from a grain boundary as a single unit in cyclically deformed NT-Cu sample (see details in Methods). Colours are assigned to atoms based on their spatial coordinates.


Extended Data Figure 9 Molecular dynamics simulations showing history-independent cyclic response of NT-Cu containing tilted TBs with respect to the loading axis.
a, NT-Cu containing tilted TBs with respect to the loading axis. bâ€“d, CNDs in NT-Cu samples with tilt angles of 5Â° (b), 10Â° (c) and 15Â° (d) under cyclic loading, respectively. e, Typical CND structure observed in tilted TBs. CND tails connecting threading segments in neighbouring twin layers are indicated by black arrows. f, Relationship Î”Ïƒ/2 and N for tilt angle of 15Â°; g, the corresponding hysteresis loops. h, Cyclic deformation of NT-Cu with TBs tilted 20Â° with respect to the loading axis is governed by the three types of dislocation mechanism shown. i, Simulated NT-Cu sample containing 27 grains with randomly oriented TBs. j, Relationship between Î”Ïƒ/2 and N demonstrating history-dependent cyclic response of randomly oriented NT sample. k, The corresponding hysteresis loops for different Î”Îµt/2.


Extended Data Table 1 Activated slip systems in NT-Cu during the cyclic experiments illustrated with double Thompson tetrahedronFull size table





Supplementary information
Experimental details
This file includes three major parts: 1) Preparation of NT-Cu samples for cyclic loading tests, 2) Fatigue explanatory and fatigue test recording, 3) Microstructure characterization of NT-Cu before, during and after cyclic deformation.


A perspective view of correlated necklace dislocations (CNDs) in grain G1 (Extended Data Fig. 4).
CNDs are gliding parallel to the TBs of the simulated NT-Cu sample under cyclic deformation at a total strain amplitude of 1%.


A lateral view of correlated necklace dislocations (CNDs) in grain G1 (Extended Data Fig. 4).
CNDs are gliding parallel to the TBs of the simulated NT-Cu sample under cyclic deformation at a total strain amplitude of 1%.


A lateral view of the uncorrelated dislocation activities in grain G4 (Extended Data Fig. 4).
The simulated NT-Cu sample is under cyclic deformation at a total strain amplitude of 1%.


A perspective view of correlated necklace dislocations (CNDs) in tilted TBs with a tilt angle of 5Â° relative to the loading axis.
CNDs are gliding parallel to the tilted TBs under cyclic deformation at an applied strain amplitude Î”Îµt/ of 1.3%


A perspective view of correlated necklace dislocations (CNDs) in tilted TBs with a tilt angle of 10Â° relative to the loading axis.
CNDs are gliding parallel to the tilted TBs under cyclic deformation at an applied strain amplitude Î”Îµt/ of 1.3%


A perspective view of correlated necklace dislocations (CNDs) in tilted TBs with a tilt angle of 15Â° relative to the loading axis.
CNDs are gliding parallel to the TBs under cyclic deformation at an applied strain amplitude Î”Îµt/ of 1.3%


A perspective view of the cyclic deformation of a simulated NT-Cu sample containing tilted TBs with a tilt angle of 20Â° relative to the loading axis.
The applied strain amplitude Î”Îµt/2 = 1.3%.
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        Editorial Summary
Nanotwinned copper takes the strain
The failure of materials under cyclic stresses is known as fatigue and can occur even at stress levels below the tensile stress of the material. Fatigue is often regarded as a history-dependent process resulting from unstable damage accumulation. In this paper, copper containing highly oriented nanotwins demonstrated a history-independent and stable stress response over 17,000 variable-strain-amplitude cycles with no observable damage accumulation. Further investigations including atomistic simulations suggest that this stable, damage-resistant response is governed by 'necklace' dislocations correlated across multiple twin boundaries, which move back and forth under cyclic loading. These correlated dislocations could carry plastic strain across neighbouring twin/matrix lamellae while preserving the coherency and stability of the twin boundaries, provided that the boundaries were at a certain orientation to the strain axis.

show all

    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
