
Phase-Field Modeling and Experimentation of 
Constituents Redistribution in Metallic Alloys 
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Objectives 

!! Development and implementation phase field 
approach to develop an applications-oriented, 
science-based microstructural model. 

!! Multicomponent and multiphase interdiffusion and 
thermotransport. 

!! Validation with selected experiments: 

!! Thermotransport experimental apparatus 
!! Determination and assessment of 

thermodynamic and kinetic parameters 



Thermotransport or Thermomigration 
(Ludwig-Soret or Soret Effects) 

"!When a temperature gradient is applied to a 
homogeneous alloy of more than one component, a 
concentration gradient can develop and eventually reach 
a steady state, with the concentration gradient being a 
characteristic of the system. 

"! It can play an important role in microstructural 
stability, for example, in interconnects of electronic 
circuits, metallic nuclear fuel alloys, superalloys and 
coatings used in gas turbine engines, etc., where a 
significant temperature gradient is imposed, owing to 
increasing operating temperatures and/or reducing 
length scales of these systems and/or ingenuity in 
internal cooling methods. 



Thermotransport or Thermomigration 
(Ludwig-Soret or Soret Effects) 

"!Depending upon applications, temperature gradient 
imposed for a prolonged periods of time can vary from 
20°C/mm up to 1500°C/mm although its magnitude can 
be reduced by means of various engineering solutions. 

"!There are two important parameters in the 
thermomigration study: the mobility of atoms present, 
i.e., diffusivity, and the heat of transport (Qi*), which 
is related to the amount of heat carried per atom of 
species i. 

"!The value of Qi* is the contribution of the flux of 
species i to the flux of heat, and determines the 
affinity of a species towards the cold or hot end. 



M.K. Meyer, S.L. Hayes, D.C. Crawford, R.G. Pahl, H. Tsai, Procd. ANS, 2001. 
Y.S. Kim, G.L. Hofman, S.L. Hayes, Y.H. Sohn, JNM, 327 (2004) 27. 

Constituents Redistribution in Metallic Fuels 

"! Postirradiation observations 
typically show concentric 
microstructure: 

!! Zr-enriched central zone. 
!! Zr-depleted and U-enriched 

intermediate zone. 
!! Slightly Zr-enriched outer 

periphery. 



10mm 

Experimental Investigation of Nonisothermal 
Thermotransport in U-Pu-Zr Alloy* 

"! ! (hexagonal) and " (tetragonal) 
phases at room temperature 

"! # (bcc) phase at high temperature  
 (T>650°C ) 

"! Annealed under a temperature 
gradient of 220°C/cm for 41 days. 
 (Carried out at Argonne National 
Lab.) 

"! Analysis by ND, SEM, EDS, EMPA 

Near Hot 
Surface 

(Thot=740°C 
) 

Near Cold 
Surface 
(Tcold=600°C ) 

U-19wt.%Pu-10wt.%Zr 

* Y. H. Sohn, M.A. Dayananda, G.L. Hofman, R.V. Strain, S.L. Hayes, JNM, 279 (2000) 317. 



Constituent Redistribution in Interconnects 

SEM micrographs of (a) original solder joint in between the chip 
and the substrate, (b) thermomigration (e.g., no 

electromigration) effect after 50 hours. 
D. Yang, B. Y. Wu, Y. C. Chan, J. App. Phys., 102, 043502 (2007) 
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Constituent Redistribution in  

Turbine Blades (?) 



Decreasing 
Dimensions and 
Sophisticated 
Miniaturization!

"! Decreasing Dimensions / 

Sophisticated 

Miniaturization of 

Engineered Components. 

"! Increasing Operating 

Temperatures (e.g., 

Efficiency). 

"! Aggressive and Advanced 

Cooling Technologies. 

Constituent Redistribution  
in Temperature Gradient 

Increasing 
Operating 

Temperature!

 Better 
Cooling 

Technologies!

Demand for 
Higher 

Efficiency and 
Performance!



Onsager’s Formalism of fluxes under 
gradients of chemical potential and 
temperature. 
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Phase Field Approach 
(Presented at ’08 NIST Workshop) 

On Laboratory 
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Temperature Distribution and Free Energy 

!! The temperature field obeys Laplace’s equation: 

!! Boundary conditions:  

! 

"
2
T = 0

! 

J q " ˆ n = 0, T
x =0

= Tmin, T
x =L

= Tmax

Applied temperature gradient and the free energy vs. composition curves  
at different temperatures. 

700 K 

1200 K 



•! Composition profiles of component B developed under temperature gradient 
for various combinations of $ and Q*. 

•! The concentration gradient depends on the initial composition and the values 
of atomic mobility as well as heat of transport. 

•! Steady state can be reached after a long time of anneal under thermal 

gradient. 
•! Similar magnitude but opposite direction of flux contributed by gradients 

of temperature and concentration.  

Phase Field Simulation of Thermotransport 
Substitutional Single-Phase 



Initial Microstructure 
from Ideal Solid Solution, 
A-B. 

Bright Region: B-rich 
Phase 
Dark Region: A-rich Phase 

B-rich Nuclei Introduced 
and Annealed to Minimize 
Coarsening Effects. 

FIPY Partial Differential 
Equation (PDE) Solver 
using a Finite Volume 
Approach. 

Phase Field Simulation of Thermotransport 
Substitutional Two-Phase Alloy 

NIST Collaboration for FIPY (Dr. J. Guyer) 



Microstructural Evolution due to 
Temperature Difference (without 
Thermotransport Effect, MQ = 0) 

Initial Microstructural 

Phase Field Simulation of Thermotransport 
Substitutional Two-Phase Alloy 

NIST Collaboration for FIPY (Dr. J. Guyer) 



•! Preferential movement of B atoms towards the hot end and A atoms towards 
the cold end.  

•! Phase redistribution occurs with B-rich and A-rich single phase regions 
forming at the hot and cold ends. 

Initial Microstructure 
Case I: QA

* = QB
* & MQ < 0 

Phase Field Simulation of Thermotransport 
Substitutional Two-Phase Alloy 

NIST Collaboration for FIPY (Dr. J. Guyer) 



•! Preferential movement of B atoms towards the cold end and A atoms towards 
the hot end.  

•! Phase redistribution occurs with B-rich and A-rich single phase regions 
forming at the hot and cold ends. 

Initial Microstructure 
Case III: QB

*<<QA
* & MQ>0 

Phase Field Simulation of Thermotransport 
Substitutional Two-Phase Alloy 

NIST Collaboration for FIPY (Dr. J. Guyer) 



Experimental Diffusion Work at UCF 
"! Alloy Casting by Vacuum 

Induction Melting, Chill 
Casting and/or Tri-Arc 
Melting Furnace. 

"! Homogenization Heat 
Treatment. 

"! Microstructure, Phase 
Constituents and 
Compositional Analysis. 

"! Assembled with Kovar Steel 
Jigs. 

"! Encapsulate in Quartz Tube 
(Vacuum or Ar-Filled) After 
Several Vacuum-Hydrogen 
Flush. 

"! Diffusion Anneal Using 
Three-Zone Tube Furnace. 

"! Metallographic Preparation 
and Microstructural Analysis. 

"! Compositional Analysis by 
Electron Probe Microanalysis 
(EMPA). 

"! Depth Profiling by Secondary 
Ion Mass Spectroscopy 
(SIMS). 

"! Interfacial Analysis by 
Transmission Electron 
Microscopy (TEM) vis Focused 
Ion Beam (FIB) In-Situ Lift-
Out (INLO) 



Thermotransport (aka Thermomigration, Soret effect) 
Experimental Set-Up 

"! Fits into Tube Furnace – 
Tube Diameter of 3 inches 

"! Materials Selection for 
Durability and Heat 
Conduction/Insulation. 

"! User-Friendly Computer 
Active-Control of Coolant 
Flow based on Temperature 
Measurement (and so 
Temperature Gradient 
Control). 

"! Numerical Heat Transfer 
Analysis for Temperature 
Distribution. 
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Energy Balance and Heat Transfer 
Analysis (Analytical and Numerical) of 

the Thermotransport Rig 

Material 
Constraints 

Geometry 
Constraints 

Temperature 
Distribution 

Parts for Analysis 

Analytical 
Solutions 



Experimental Apparatus for Thermotransport 

Stainless steel inner tube, Copper outer tube 
joined to a copper plate to draw heat from the 
sample. Swagelok fittings. 



Experimental Thermotransport Work at UCF 
Schematic Set-Up (And some pictures) 

Temperature (hot- and cold-end) measurements fed into NI 
controller to regulate water flow that cools the cold-end. 



Experimental Diffusion Work at UCF 
Parts, Vendors and Status 



Summary 
"! A diffuse interface model was devised and employed to investigate 

the effect of thermotransport (a.k.a., thermomigration) process in 
single-phase and multi-phase alloys of a binary system. 
!! Concentration gradient developed in an initially homogeneous 

single phase alloy when subjected to temperature gradient. 
!! A and B rich layer formed due to the preferential movement of 

atoms towards the hot or cold end.  

"! Experimental work on thermotransport will commence April, 2009. 
Open to suggestions, collaborations and ideas (e.g., intrinsic frame, 
alloy systems, assessment/understanding of heat of transport, Q. 
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