







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 09 February 2022



                    A highly distorted ultraelastic chemically complex Elinvar alloy

                    	Q. F. HeÂ 
            ORCID: orcid.org/0000-0002-1728-85791Â na1, 
	J. G. Wang1,2Â na1, 
	H. A. ChenÂ 
            ORCID: orcid.org/0000-0002-0728-21653Â na1, 
	Z. Y. Ding1, 
	Z. Q. Zhou1, 
	L. H. Xiong4, 
	J. H. Luan5, 
	J. M. Pelletier6, 
	J. C. Qiao1,6,7, 
	Q. Wang8, 
	L. L. Fan9, 
	Y. RenÂ 
            ORCID: orcid.org/0000-0001-9831-60354,10, 
	Q. S. ZengÂ 
            ORCID: orcid.org/0000-0001-5960-137811,12, 
	C. T. LiuÂ 
            ORCID: orcid.org/0000-0001-7888-97251,5, 
	C. W. PaoÂ 
            ORCID: orcid.org/0000-0003-0821-785613, 
	D. J. SrolovitzÂ 
            ORCID: orcid.org/0000-0001-6038-020X14,15 & 
	â€¦
	Y. YangÂ 
            ORCID: orcid.org/0000-0002-0491-82951,5Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 602,Â pages 251â€“257 (2022)Cite this article
                    

                    
        
            	
                        15k Accesses

                    
	
                        76 Citations

                    
	
                            167 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Mechanical properties
	Metals and alloys


    


                
    
    
        
            
                
                    
                        
                    
                
            
            
                
                    An Author Correction to this article was published on 17 March 2022

                
            
        

    

    
        
            
                
                    
                        
                    
                
            
            This article has been updated

        

    
    

                
            


        
            Abstract
The development of high-performance ultraelastic metals with superb strength, a large elastic strain limit and temperature-insensitive elastic modulus (Elinvar effect) are important for various industrial applications, from actuators and medical devices to high-precision instruments1,2. The elastic strain limit of bulk crystalline metals is usually less than 1â€‰perâ€‰cent, owing to dislocation easy gliding. Shape memory alloys3â€”including gum metals4,5 and strain glass alloys6,7â€”may attain an elastic strain limit up to several perâ€‰cent, although this is the result of pseudo-elasticity and is accompanied by large energy dissipation3. Recently, chemically complex alloys, such as â€˜high-entropyâ€™ alloys8, have attracted tremendous research interest owing to their promising properties9,10,11,12,13,14,15. In this work we report on a chemically complex alloy with a large atomic size misfit usually unaffordable in conventional alloys. The alloy exhibits a high elastic strain limit (approximately 2â€‰perâ€‰cent) and a very low internal friction (less than 2â€‰Ã—â€‰10âˆ’4) at room temperature. More interestingly, this alloy exhibits an extraordinary Elinvar effect, maintaining near-constant elastic modulus between room temperature and 627â€‰degrees Celsius (900â€‰kelvin), which is, to our knowledge, unmatched by the existing alloys hitherto reported.
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                    Fig. 1: Structure characterization of single-crystal Co25Ni25(HfTiZr)50 alloy.[image: ]


Fig. 2: DFT calculation of three structure models for the Co25Ni25(HfTiZr)50 alloy.[image: ]


Fig. 3: Mechanical properties of the Co25Ni25(HfTiZr)50 alloy.[image: ]


Fig. 4: The Elinvar effect in the Co25Ni25(HfTiZr)50 alloy.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Characterization of single-crystal Co25Ni25(HfTiZr)50 alloy.
a, A low-magnification backscatter electron image and elemental distributions show that the chemical distribution is homogeneous in the single-crystal samples on a sub-micro scale. b, Low-magnification TEM image and the corresponding diffraction patterns ([001] zone axis) in different regions show that there is no phase separation in the single-crystal samples.


Extended Data Fig. 2 The characterization of the polycrystalline Co25Ni25(HfTiZr)50.
a, The inverse pole figure map showing the grain structure of as-cast polycrystalline Co25Ni25(HfTiZr)50 alloy. b, The pole figures showing that there are no preferred orientations in the as-cast polycrystalline Co25Ni25(HfTiZr)50 alloy. c, The XRD patterns of the Co25Ni25(HfTiZr)50 alloy samples after thermal annealing at 1,273â€‰K for different time durations all exhibit single-phase B2 ordering. d, Compression stressâ€“strain curves of the single-crystal and polycrystal Co25Ni25(HfTiZr)50 alloy after annealing at 1,273â€‰K for 9â€‰h. The results show that the mechanical properties of the Co25Ni25(HfTiZr)50 alloy do not change after the heat treatment. e, A low-magnification SEM image shows the microstructure of the Co25Ni25(HfTiZr)50 alloy after annealing at 1,273â€‰K for 9â€‰h. f, The STEM image and elemental mapping near a grain boundary. No segregation to grain boundaries was observed following a 9-h, 1,273-K anneal in our Co25Ni25(HfTiZr)50 alloy. (AC and HT represent as-cast and heat-treated, respectively.) g, The APT reconstructions of the three-dimensional elemental distributions showing the chemical homogeneity along the grain boundary at the nanometre scale. The black rectangle in the EBSD image indicates the position from which the APT tip was carved.


Extended Data Fig. 3 The monotonic and cyclic microcompression results of the single-crystalline Co25Ni25(HfTiZr)50.
a, The typical monotonic stressâ€“strain curves obtained for different micropillar diameters. The inset shows a typical pillar image. b, The Youngâ€™s modulus versus pillar diameter of the micropillars in Fig. 3b. The average Youngâ€™s modulus is measured to be 106 GPa. c, The size-dependent yield strength of single-crystal Co25Ni25(HfTiZr)50 micropillars. d, The cyclic stressâ€“strain curves obtained within the elastic regime from the micropillar at different nominal stress rates. Note that no mechanical hysteresis is evident in d. The inset shows the (cyclic) load versus time. Five cycles were performed for each compression.


Extended Data Fig. 4 Loss factors.
The loss factors measured for the single-crystal and polycrystalline Co25Ni25(HfTiZr)50 in comparison with various bulk metallic glasses over a wide temperature range.


Extended Data Fig. 5 Comparison of the first height of the steel ball bouncing back from different alloy surfaces.
a, Photo showing the starting moment of the bouncing experiments. bâ€“e, The first height of the steel ball after bouncing back, as indicated by the white arrow, from single-crystalline Co25Ni25(HfTiZr)50 (b), spark plasma sintered (SPS) Cu50Zr45Al5 metallic glass (c), NiAl alloy with a B2 structure (d), and commercial stainless steel (e). See Supplementary Video 1 for details. We note that all the bulk alloys had a similar size.


Extended Data Fig. 6 The dislocation structure analysis performed in the [111] single-crystalline Co25Ni25(HfTiZr)50 sample after deforming to 4% mechanical strain.
a, \(g=(0\bar{2}0)\) and beam direction Zâ€‰=â€‰[001]. b, \(g=(\bar{1}\bar{1}0)\) and beam direction Zâ€‰=â€‰[001]. c, gâ€‰=â€‰(200) and beam direction Zâ€‰=â€‰[001]. d, \(g=(0\bar{1}1)\) and beam direction \(Z=[\bar{1}11]\). e, \(g=(\bar{1}\bar{1}0)\) and beam direction \(Z=[\bar{1}11]\). f, gâ€‰=â€‰(101) and beam direction \(Z=[\bar{1}11]\). The gâ€‰Â·â€‰bâ€‰=â€‰0 out of contrast analyses indicate that the dislocations are of the âŸ¨001âŸ© type. See Supplementary Table 1 for detailed analysis and description of labels Aâ€“D.


Extended Data Fig. 7 Stress relaxation and internal friction stress.
a, The typical stress relaxation curve obtained from a single-crystalline Co25Ni25(HfTiZr)50 micropillar with a top diameter of 1â€‰Î¼m. The activation volume is calculated to be ~3.05b3. b, The yield strength of single-crystal Co25Ni25(HfTiZr)50 micropillars at different temperatures. Standard fits to the data (inset equation) yield a Peierls stress of Ï„câ€‰â‰ˆ 0.47Ïƒcâ€‰= 2.8â€‰GPa and effective temperature of T0â€‰= 1,107â€‰K. The inset shows the contour plot of the critical stress Ï„c as a function of the correlation length Î» and standard deviation Î” for Co25Ni25(HfTiZr)50. Note that  Î¶0 stands for a dislocation core size.


Extended Data Fig. 8 The magnetic properties measured for the Co25Ni25(HfTiZr)50 alloy.
a, The magnetization curve of the Co25Ni25(HfTiZr)50 alloy as a function of the applied magnetic field at room temperature. The saturation magnetization Ms of Co25Ni25(HfTiZr)50 is only 1.17â€‰emuâ€‰gâˆ’1. b, The temperature dependence of magnetization of Co25Ni25(HfTiZr)50 under the applied magnetic field of 500â€‰Oe. The result shows that there is an antiferromagnetic (AFM) to ferromagnetic (FM) transition at the transition temperature TNâ€‰= 851â€‰K. c, The measured magnetostriction coefficient along different directions of single-crystal Co25Ni25(HfTiZr)50 alloy. The magnetostriction coefficient of Co25Ni25(HfTiZr)50 alloy is about zero. The ferromagnetic polycrystalline Ni- and Fe-based metallic glass (MG) are taken for comparison.


Extended Data Fig. 9 The linear thermal expansion coefficient of the Co25Ni25(HfTiZr)50 alloy.
a, The thermal expansion curves obtained from experiments. The average thermal expansion coefficients (Î±) of the single-crystal and polycrystalline samples are almost the same, about 11.4â€‰Ã—â€‰10âˆ’6â€‰Kâˆ’1. b, The variation of the lattice constant with temperature calculated from the abâ€‰initio molecular dynamics simulations. The average thermal expansion coefficient is about 8.1â€‰Ã—â€‰10âˆ’6â€‰Kâˆ’1, which is very close to our experimental measurement.
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Supplementary Video 1
Demonstration of elasticity of different metals with steel ball bouncing tests.
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