
        
    
        
            
            
                
            

            
        
    

        
    
        
            
            
                
            

            
        
    


        
    




        

        
    Skip to main content

    

    
    
        
            
                
                    
                        
                    
                
            
        


        
            
                
    
        Log in
    


            
        
    


    
        
            
                
                    
                        
                            
                        Menu
                    
                


                
                    
                        
                            Find a journal
                        
                    
                        
                            Publish with us
                        
                    
                        
                            Track your research
                        
                    
                


                
                    
                        
                            
                                
                                    
                                Search
                            
                        

                    
                    
                        
 
  
   
  Cart
 


                    
                

            

        
    




    
        
    
        
            
                
                    
    
        
            	
                        Home




	
                        Metallurgical and Materials Transactions A

	
                        Article

The Contribution of Constitutional Supercooling to Nucleation and Grain Formation


                    	Symposium: ICASP-4 (International Conference on Advanced Solidification Processing)
	
                            Published: 20 May 2015
                        


                    	
                            Volume 46, pages 4868–4885, (2015)
                        
	
                            Cite this article
                        



                    
                        
                        
                    

                
                
                    
                        
                            
                            
                                
                                
                            
                            Metallurgical and Materials Transactions A
                        
                        
                            
                                Aims and scope
                                
                            
                        
                        
                            
                                Submit manuscript
                                
                            
                        
                    
                

            
        
    


        
            
                

                

                
                    
                        	D. H. StJohn1, 
	A. Prasad1, 
	M. A. Easton2 & 
	…
	M. Qian2 

Show authors
                        
    

                        
                            	
            
                
            3630 Accesses

        
	
            
                
            117 Citations

        
	
            Explore all metrics 
                
            

        


                        

                        
    
    

    
    


                        
                    
                


                
                    Abstract
The concept of constitutional supercooling (CS) including the term itself was first described and discussed qualitatively by Rutter and Chalmers in order to understand the formation of cellular structures during the solidification of tin, and then quantified by Tiller et al. On that basis, Winegard and Chalmers further considered ‘supercooling and dendritic freezing of alloys’ where they described how CS promotes the heterogeneous nucleation of new crystals and the formation of an equiaxed zone. Since then the importance of CS in promoting the formation of equiaxed microstructures in both grain refined and unrefined alloys has been clearly revealed and quantified. This paper describes our current understanding of the role of CS in promoting nucleation and grain formation. It also highlights that CS, on the one hand, develops a nucleation-free zone surrounding each nucleated and growing grain and, on the other hand, protects this grain from readily remelting when temperature fluctuations occur due to convection. Further, due to the importance of the diffusion field that generates CS, recent analytical models are evaluated and compared with a numerical model. A comprehensive description of the mechanisms affecting nucleation and grain formation and the prediction of grain size is presented with reference to the influence of the casting conditions applied during the practical casting of an alloy.
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                    Notes
	This assumption is likely to break down at very high-cooling rates where numerical approaches would be superior to analytical approaches in dealing with the more complex situation where thermal undercooling also is significant. The curvature undercooling is also negligible under conventional casting conditions, although it becomes significant for crystallites in the nanometer length scale.





Abbreviations
	
                      a
                    :
	
                      Constant related to the maximum number of particles that can be successfully activated as nucleants

                    
	
                      b
                    :
	
                      Slope of the best fit line through the grain size data plotted against 1/Q
                                 

                    
	
                      C
                      o
                    :
	
                      Alloy composition (wt pct)

                    
	
                      C
                      l
                    :
	
                      Composition of the liquid in front of the solid–liquid interface (wt pct)

                    
	
                      \( C_{\text{l}}^{*} \)
                    :
	
                      Composition of the liquid at the solid–liquid interface (wt pct)

                    
	
                      C
                      p
                    :
	
                      Specific heat (J/m3 K1)

                    
	
                      \( C_{\text{s}}^{*} \)
                    :
	
                      Composition of the solid at the solid–liquid interface (wt pct)

                    
	CS:
	
                      Constitutional supercooling. The terms constitutional supercooling (CS) (K)[1–3] and constitutional undercooling (CU)[4] have the same meaning and are both used in the solidification literature

                    
	
                      d
                      gs
                    :
	
                      Grain size (μm)

                    
	
                      d
                    :
	
                      Nucleant particle diameter (μm)

                    
	
                      D
                    :
	
                      Rate of solute diffusion in the liquid (m2/s)

                    
	fs:
	
                      Fraction solid (–)

                    
	Iv(P
                                 c):
	
                      Solution to solute diffusion from a parabolic tip

                    
	Iv(P
                                 t):
	
                      Solution to heat diffusion from a parabolic tip

                    
	
                      k
                    :
	
                      Partition coefficient C
                                    s/C
                                    l (–)

                    
	
                      l
                      D
                    :
	
                      Characteristic diffusion length/distance (μm)

                    
	
                      L
                    :
	
                      Latent heat of fusion (J/m3)

                    
	
                      m
                    :
	
                      Slope of the liquidus (K/wt pct)

                    
	
                      P
                    :
	
                      Supercooling parameter and equals mC
                                    o(k − 1)/k (K)

                    
	
                      P
                      c
                    :
	
                      Peclet number for solute diffusion (–)

                    
	
                      P
                      t
                    :
	
                      Peclet number for heat diffusion (–)

                    
	
                      Q
                    :
	
                      Growth restriction factor and equals mC
                                    o(k − 1) (K)

                    
	
                      r*
                    :
	
                      Length of the diffusion field [Du, Li] (μm)

                    
	
                      r
                      o
                    :
	
                      Grain envelope radius [Du, Li] (μm)

                    
	
                      R
                      d
                    :
	
                      Adius of the dendrite tip (μm)

                    
	
                      S
                      d
                    :
	
                      Average particle spacing for a particle of diameter d (μm)

                    
	
                      t
                    :
	
                      Time (s)

                    
	ΔT
                              :
	
                      Undercooling below the equilibrium liquidus temperature (K)

                    
	ΔT
                                 c
                              :
	
                      Liquidus temperature of the alloy minus the liquidus temperature of the new liquid composition after a fraction solid, fs (K)

                    
	ΔT
                                 cs
                              :
	
                      Amount of constitutional supercooling (K)

                    
	ΔT
                                 fr
                              :
	
                      Freezing range (K)

                    
	ΔT
                                 n
                              :
	
                      Undercooling for nucleation (K)

                    
	ΔT
                                 r
                              :
	
                      Curvature undercooling (K)

                    
	ΔT
                                 t
                              :
	
                      Thermal undercooling (K)

                    
	
                      T
                      n
                    :
	
                      Temperature at which nucleation will occur (K)

                    
	
                      T
                      A
                    :
	
                      Actual temperature of the melt (K)

                    
	
                      T
                      E
                    :
	
                      Equilibrium liquidus temperature (K)

                    
	
                      T
                      MP
                    :
	
                      Equilibrium melting temperature of pure metal (K)

                    
	
                      v
                    :
	
                      Growth velocity (m/s)

                    
	
                      w*
                    :
	
                      Length of the diffusion field [Shu et al.] (μm)

                    
	
                      x
                    :
	
                      Distance in the x-direction from the center of a grain (μm)

                    
	
                                 x′:
	
                      Distance in the x-direction from the solid–liquid interface (μm)

                    
	
                      x
                      CS
                    :
	
                      Distance a grain needs to grow to create CS sufficient to nucleate a grain (μm)

                    
	
                      x
                      dl
                    :
	
                      Generic distance of the diffusion field from the S–L interface to the point where CS is sufficient to nucleate a grain, i.e., when ΔT
                                    cs first equals ΔT
                                    n−min (μm)

                    
	
                                 x
                                 dl′:
	
                      Distance of the diffusion field from the S–L interface to the point where CS is sufficient to nucleate a grain, i.e., when ΔT
                                    cs first equals ΔT
                                    n−min (μm) [14]

                    
	
                      x
                      nfz
                    :
	
                      Length of the nucleation-free zone (μm)

                    
	
                      x
                      Sd
                    :
	
                      Distance between x
                                    nfz and the next most potent particle in the melt (μm)

                    
	
                                 zΔT
                                 n
                              :
	
                      Incremental amount of undercooling required to re-establish ΔT
                                    n (K)

                    
	
                      α
                    :
	
                      Rate of thermal diffusion (m2/s)

                    
	Γ:
	
                      Gibbs–Thomson coefficient (mK)

                    
	
                      δ
                      c
                    :
	
                      Size of the solute diffusion boundary layer equal to D/v (μm)

                    
	
                      Ω
                    :
	
                      Supersaturation term equals \( \left( {\frac{{C_{\text{l}}^{*} - C_{0} }}{{C_{\text{l}}^{*} - C_{\text{s}}^{*} }}} \right) \)
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Appendix
Appendix
1.1 Calculations for the Interdependence Model
To calculate x
                              dl, the Interdependence model requires that the growth rate, ν, and the nucleation undercooling, ΔT
                              n (=ΔT
                              cs), in the solidifying grain be user-defined for a given alloy system (in our case Al-7Si, the property and phase diagram values used are shown in Table AI). The \( C_{\text{l}}^{*} \) term is then evaluated using the definition of ΔT
                              cs. Thus, a set of critical distances was generated for a combination of ΔT
                              n and ν values. In order to compare the different models, the same values of ΔT
                              n and ν were used in the Shu et al. and Du–Li models.
Table AI Phase Diagram and Thermo-physical Properties for the Al-7Si Alloy Used in the CalculationsFull size table


                           1.2 Calculations for the Shu et al. Model[82]
The Shu et al. model requires evaluating the total undercooling, ΔT, which additionally includes ΔT
                              r (radius undercooling) and ΔT
                              t (thermal undercooling). For the dendritic shape of the equiaxed grain, estimating the radius of the growing dendrite, R
                              d, is critical in evaluating the three components of the total undercooling. Recall that ΔT
                              n and \( C_{\text{l}}^{*} \) are already known from the Interdependence model. ΔT
                              c requires \( C_{\text{l}}^{*} \) as well as the solution to the problem of diffusion from a parabolic tip given as the Ivantsov solution, Iv(P),[96] where P represents the appropriate Peclet number for solute or heat diffusion. Equation [A1] shows the correlation between ΔT
                              cs, \( C_{\text{l}}^{*} \) and Iv(P
                              c).
$$ \Delta T_{\text{cs}} = m(C_{0} - C_{\text{l}}^{*} ) = mC_{0} \left( {1 - \frac{1}{{1 - (1 - k)Iv(P_{\text{c}} )}}} \right) $$

                    (A1)
                


                           The Ivantsov solution in the case of constitutional supercooling is a function of the solutal Peclet number, P
                              c (=νR
                              d/(2D)), and D is the solute diffusion coefficient. Iv(P
                              c) can be written in terms of the P
                              c number.[4] This approach of using the Ivantsov solution for equiaxed grain growth has been used for modeling the grain growth from a single nucleation site within a single-atomized Al-Cu droplet.[97] From the Ivantsov solution for a given ΔT
                              CS, the P
                              c value is obtained based on linear interpolation on the P
                              c − Iv(P
                              c) table, generated for a range of P
                              c numbers. Subsequently, the dendrite tip radius, R
                              d, is calculated using the definition of the P
                              c number. The ΔT
                              r and ΔT
                              t terms can now be evaluated using the equations given below.
$$ \Delta T_{\text{r}} = \frac{2\Gamma }{{R_{\text{d}} \Delta T_{\text{fr}} }} $$

                    (A2)
                


                              $$ \Delta T_{\text{t}} = \frac{L}{{C_{\text{p}} }}Iv(P_{\text{t}} ) $$

                    (A3)
                

Here Γ is the interfacial energy term, ΔT
                              fr is the freezing range, L is the latent heat of fusion, C
                              p the specific heat, and Iv(P
                              t) is the solution to the heat diffusion from a parabolic tip, where P
                              t is the thermal Peclet number (=νR
                              d/(2α)), α being the rate of thermal diffusion.
Finally, δ
                              c is calculated based on Eq. [2] in Shu et al.[82] Interestingly, although the grain growth is considered to be spherical, the δ
                              c term is actually based on a steady-state planar interface.[83] Note that the Interdependence model also uses a planar interface approximation for the S–L interface, but with a transient analysis with the \( C_{\text{l}}^{*} \) term included.
1.3 Calculations for the Du–Li Model
The ΔT
                              cs and ΔT terms are the same as in the Shu et al. model and therefore the same method was applied as before to calculate these terms. There is an additional r
                              0 term which is the amount of growth of the grain envelope. To evaluate this term Eq. [4a] in Reference 80 was used.
$$ R = \frac{D\Omega }{v} $$

                    (A4)
                

Equation [A4] relates the amount of grain growth to the solute super saturation, Ω (\( = \left( {\frac{{C_{\text{l}}^{*} - C_{0} }}{{C_{\text{l}}^{*} (1 - k)}}} \right) \)), ahead of the grain. The supersaturation term requires the \( C_{\text{l}}^{*} \) term, which is evaluated as before. We believe that R in Eq. [4a] in their article is the same as r
                              0 that was used in the final equation for their calculations of x
                              dl. Finally, we have used a binary system, where only one solute species is active. For this case, the multicomponent model should be valid as well since the diffusion term for the additional solute species would simply be zero.
1.4 Comparison with μMatIC
The models presented above were all models with certain assumptions such as the diffusion field can be estimated from diffusion in front of a 2D planar interface. The numerical solidification model μMatIC, based on CAFD, is used to track the development of the diffusion field. For our case of a single equiaxed grain growing in the center of the computational domain, the solid grain grows as a dendrite and solute and heat diffusion equations are solved for each cell, both in the liquid and the solid grain. Thus, the distance from the S–L interface where the solute diffusion cut-off criteria of 4.6*l
                              D is satisfied can be estimated. Here l
                              D is the characteristic diffusion length as defined by Trivedi and Kurz.[81] The 4.6*l
                              D cut-off criteria have been used in the numerical model, since the solute concentration ahead of the interface is known and also because it allows for a direct comparison with the Interdependence model. Note that in this numerical model, the interface is not sharply defined. Hence the interface is approximated as the liquid cell adjacent to the cell representing the solid grain (recognized by the cell composition being <C
                              0). For the simulation, 1-μm cell size was used with periodic boundary conditions. Initially, two different domain sizes of 750 and 1000 μm were used to assess the effect of edge effects. It was established that 750 μm was large enough to avoid the edge effects. The results from these four models (3 analytical and 1 numerical) are compared in Figures 10 and 11 in Section IV.
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