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            Abstract
Template-directed assembly has been shown to yield a broad diversity of highly ordered mesostructures1,2, which in a few cases exhibit symmetries not present in the native material3,4,5. However, this technique has not yet been applied to eutectic materials, which underpin many modern technologies ranging from high-performance turbine blades to solder alloys. Here we use directional solidification of a simple AgCl-KCl lamellar eutectic material within a pillar template to show that interactions of the material with the template lead to the emergence of a set of microstructures that are distinct from the eutecticâ€™s native lamellar structure and the templateâ€™s hexagonal lattice structure. By modifying the solidification rate of this materialâ€“template system, trefoil, quatrefoil, cinquefoil and hexafoil mesostructures with submicrometre-size features are realized. Phase-field simulations suggest that these mesostructures appear owing to constraints imposed on diffusion by the hexagonally arrayed pillar template. We note that the trefoil and hexafoil patterns resemble Archimedean honeycomb and squareâ€“hexagonalâ€“dodecagonal lattices6, respectively. We also find that by using monolayer colloidal crystals as templates, a variety of eutectic mesostructures including trefoil and hexafoil are observed, the former resembling the Archimedean kagome lattice. Potential emerging applications for the structures provided by templated eutectics include non-reciprocal metasurfaces7, magnetic spin-ice systems8,9, and micro- and nano-lattices with enhanced mechanical properties10,11.
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                    Fig. 1: Selected microstructures formed by template-directed eutectic solidification.[image: ]


Fig. 2: Patterns observed in phase-field simulations.[image: ]


Fig. 3: Mesostructure phase map.[image: ]


Fig. 4: Pattern formation by a monolayer colloidal crystal template.[image: ]
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                Data availability


Data that support the findings of this study are available within the paper, and from the corresponding author on reasonable request.



Code availability


The phase-field simulations were performed using a custom code written in Fortran 90. The code is available from K.T. (kthorn@umich.edu) on reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Directional solidification of AgCl-KCl lamellar eutectic and experiment schematic for pillar-template-directed eutectic solidification.
a, Plot of the average lamellar spacing (Î») of AgCl-KCl eutectic directionally solidified using the hot-stage setup at set cooling rates (plotted in orange) and the tube-furnace setup at set draw rates (plotted in blue). b, Experiment schematic for infilling the pillar template with eutectic, subsequent directional solidification of the eutectic in the pillar template, and characterization of the resultant microstructures. c, SEM image showing the eutectic solidified within and outside the pillar template. The solidification direction is out of the image (z axis), as indicated by the red dotted circle. SeeÂ Methods for details. Scale bar, 1Â Î¼m.


Extended Data Fig. 2 Nomenclature of the patterns.
aâ€“d, Schematic showing the number of KCl spokes per unit cell of the pillar template for a, trefoil (three), b, quatrefoil (four), c, cinquefoil (five) and d, hexafoil (six) patterns. The KCl spokes are coloured blue, pillars black, and the unit cell is marked by red dashed lines.


Extended Data Fig. 3 No-foil and trefoil patterns.
Uncoloured SEM images of the samples, showing the variety of no-foil (aâ€“d) and trefoil (eâ€“j) patterns mapped in Fig. 3. Values of edge gap, g, and average lamellar spacing, Î», are given under each image. The solidification direction is out of the image (z axis), as indicated by the red dotted circle. All scale bars, 1Â Î¼m.


Extended Data Fig. 4 Quatrefoil, cinquefoil and hexafoil patterns.
Uncoloured SEM images of the samples showing the variety of quatrefoil (a, b), cinquefoil (c) and hexafoil (dâ€“f) patterns mapped in Fig. 3. Values of edge gap, g, and average lamellar spacing, Î», are given under each image. The solidification direction is out of the image (z axis), as indicated by the red dotted circle. All scale bars, 1Â Î¼m.


Extended Data Fig. 5 Image analysis of local and long-range order in the patterns.
a, SEM image of a trefoil pattern. b, Histogram representing a simple counting of the number of spokes in each unit cell. The dominant feature in the 12Â Î¼mÂ Ã—Â 17Â Î¼m SEM image in a is the three-spoke pattern. We also include in the histogram the number of unit cells that have missing pillars or other defects. c, A unit cell of the phase-field-simulated trefoil pattern. d, Mean unit cell obtained by averaging the intensity at each pixel from a false-coloured version of the SEM image in a. The experimental average matches the ideal simulated unit cell well. e, Map of deviation between the simulated trefoil pattern and each unit cell of the experimental image. The unit cells having the lowest deviation are denoted in blue and those with the greatest deviation in red. Cells where the template pillars appeared damaged were not included in the analysis. f, Unit cell of the simulated cinquefoil pattern. g, Averaged unit cell obtained from the SEM image shown in Extended Data Fig. 4c. h, Unit cell of the simulated hexafoil pattern. i, Averaged unit cell obtained from the SEM image shown in Extended Data Fig. 4e. All scale bars, 1Â Î¼m.


Extended Data Fig. 6 Eutectic phase boundary alignment and thermal profile in the bulk of the pillar template.
a, SEM image of a cross-section, showing a tilted alignment of eutectic phase boundaries within the pillars. b, Calculated thermal profile in the bulk of the template during directional solidification of eutectic-infiltrated Ni pillar template at a set cooling rate of 10â€‰Â°CÂ minâˆ’1. The isothermal solidification front at the eutectic temperature (591.73Â K) is denoted by a thick black line; the eutectic temperature is also indicated by a black line in the key. The black arrow denotes the direction of solidification. Scale bar, 1 Î¼m.


Extended Data Fig. 7 Effect of pillar diameter on the emergence of patterns.
aâ€“e, Phase-field-simulated steady-state patterns for a fixed lattice constant of 780.6Â nm, varying edge gaps, g, and lamellar spacing, Î». These results suggest the possibility of obtaining new patterns by varying the parameter associated with pillar diameter as well as g/Î». The solidification direction is out of the image (z axis). The images show the xâ€“y plane cross-section of the simulation domain repeated once in each direction. The template pillars are displayed as black, AgCl as yellow, and KCl as blue.


Extended Data Fig. 8 Phase-field simulations for different shapes of pillars.
aâ€“c, A variety of patterns in templated-eutectic obtained by changing the shapes and orientations of the pillars: a, oval; b, circle; c, same as a but rotated by 90Â°. Characteristic features depend on the pillar shape and orientation. The solidification direction is out of the image (z axis), as indicated by the red dotted circle. The images show the xâ€“y plane cross-section of the simulation domain repeated once in each direction. The template pillars are displayed as black, AgCl as yellow, and KCl as blue.


Extended Data Fig. 9 Solidification of AgCl-KCl eutectic in a monolayer silica colloidal crystal.
a, An oblique-view SEM image of the monolayer silica colloidal crystal used as a template. b, Plan-view SEM image of a disordered structure observed in AgCl-KCl eutectic solidified (with Î»Â =Â 1.7Â Î¼m) within a monolayer silica colloidal crystal of diameter 560Â nm. The solidification direction in b is into the image (z axis), as indicated by the black crossed circle. c, Calculated thermal profile in the bulk of the template during directional solidification of the eutectic-infilled silica colloidal crystal template at a set cooling rate of 10â€‰Â°CÂ minâˆ’1. The isothermal solidification front at the eutectic temperature (591.73 K) is denoted by a thick black line; the eutectic temperature is also indicated by a black line in the key. The black arrow denotes the direction of solidification. d, Cross-sectional-view SEM image, with false colouring denoting AgCl as yellow, and KCl as blue. All scale bars, 1Â Î¼m.





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Kulkarni, A.A., Hanson, E., Zhang, R. et al. Archimedean lattices emerge in template-directed eutectic solidification.
                    Nature 577, 355â€“358 (2020). https://doi.org/10.1038/s41586-019-1893-9
Download citation
	Received: 01 April 2019

	Accepted: 11 October 2019

	Published: 15 January 2020

	Issue Date: 16 January 2020

	DOI: https://doi.org/10.1038/s41586-019-1893-9


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Understanding and design of metallic alloys guided by phase-field simulations
                                    
                                

                            
                                
                                    	Yuhong Zhao


                                
                                npj Computational Materials (2023)

                            
	
                            
                                
                                    
                                        Robustness of Flat Bands on the Perturbed Kagome and the Perturbed Super-Kagome Lattice
                                    
                                

                            
                                
                                    	Joachim Kerner
	Matthias TÃ¤ufer
	Jens Wintermayr


                                
                                Annales Henri PoincarÃ© (2023)

                            
	
                            
                                
                                    
                                        Oscillatory bifurcation patterns initiated by seeded surface solidification of liquid metals
                                    
                                

                            
                                
                                    	Jianbo Tang
	Stephanie Lambie
	Kourosh Kalantar-Zadeh


                                
                                Nature Synthesis (2022)

                            
	
                            
                                
                                    
                                        Unique surface patterns emerging during solidification of liquid metal alloys
                                    
                                

                            
                                
                                    	Jianbo Tang
	Stephanie Lambie
	Kourosh Kalantar-Zadeh


                                
                                Nature Nanotechnology (2021)

                            
	
                            
                                
                                    
                                        Bulk nanocomposite made of ZnO lamellae embedded in the ZnWO4 matrix: growth from the melt
                                    
                                

                            
                                
                                    	Monika Tomczyk
	Pawel Osewski
	Dorota A. Pawlak


                                
                                Journal of Materials Science (2021)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            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: ]
