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How to measure diffusion?

→ Different (but related) quantities are measured!

Tracer diffusion Chemical (inter-) diffusion

෩𝐷𝐴𝐵𝐷𝐴
∗



Diffusion in multi-component alloys
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Tracer measurements

• 𝐷𝑋𝑌𝑍
𝐴∗

• Homogeneous alloys

• Available tracers

• Single compositions

• Accounting for volume and 

short-circuit (GB, dislocation, 

etc.) diffusion

Inter-diffusion measurements

• Binary AB alloys (෩𝐷, 𝐷𝐴, 𝐷𝐵)

• Ternary ABC alloys (𝐷𝑖𝑗
𝑘 )

• Multi-component (n>3) alloys – no solution

  numerical methods (CALPHAD-type)

the uniqueness of the solution is not proven!!

• GB diffusion can interfere the results  (e.g. 

Nb3Sn)
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ts • Tracer diffusion in chemical gradient: 

augmented tracer-interdiffusion couple 

method

 (D. Gaertner et al., 2019; 

M. Muralikrishna et al. 2021)

• Concentration-dependent 𝐷𝑋𝑌𝑍
𝐴∗

• Available tracers

• Accounting for volume and short-circuit 

(GB, dislocation, etc.) diffusion

• Pseudo-binary and pseudo-

ternary methods
(A. Paul et al., 2013-2025)

• Body-diagonal method
(J. Morral, 2018; K. Kulkarni et al. 2020)

• New numerical schemes 
(L. Zhang et al, 2015-2022; 

J. Dabrowa, M. Danielewski, et al. 2020; 

S. Bhattacharyya et al 2021;

Y. Sohn et al. 2020; 

A. Paul, Saswata, et al. 2021-2025)



Tracer-interdiffusion couple approach



Composition dependent atomic mobilities: combination

 of tracer and chemical diffusion measurements

63Ni/55Fe

Ni

NiFe

or 51Cr/54Mn/57Co



Augmented tracer-interdiffusion couple method: HEA



Interdiffusion and tracer diffusion in CoCrFeMnNi HEA

7D. Gaertner et al.  Acta Materialia (2019)

Belova & Murch (2013-2015)



Tracer diffusion coefficients (atomic 

mobilities) + thermodynamics → full 

understanding of interdiffusion in 

systems of any complexity

Interdiffusion and tracer diffusion in CoCrFeMnNi HEA

8D. Gaertner et al.  JALCOM (2023)

High-throughput pathway to generate 

high-quality mobility databases



Extensive tests of the augmented tracer-interdiffusion couple method…



Augmented tracer-interdiffusion couple method: FeGa

the case of strong composition-dependent diffusivities

M.G. Muralikrishna et al.  Acta Materialia (2021)
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Augmented tracer-interdiffusion couple method: NiFe alloy

the case of well-known thermodynamics

N. Esakkiraja et al.  Acta Materialia (2025)



Augmented tracer-interdiffusion couple method: NiFe alloy

N. Esakkiraja et al.  Acta Materialia (2025)
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Augmented tracer-interdiffusion couple method: NiFe alloy

N. Esakkiraja et al.  Acta Materialia (2025)



Augmented tracer-interdiffusion couple method: CuFeNi

the case of strong composition-dependent diffusivities and well-

assessed thermodynamics

M.G. Muralikrishna et al.  Acta Materialia (2025)



Augmented tracer-interdiffusion couple method: CuFeNi
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Are the tracer diffusion coefficients 

measured in concentration gradient 

(under chemical potential gradient as 

driving force) equal to those determined in 

homogeneous alloys (under purely 

entropic driving force)?

Does the concentration of non-equilibrium 

vacancies deviate strongly from the 

equilibrium one?



Tracer-interdiffusion couple approach



Augmented tracer-interdiffusion couple method: CuFeNi

M.G. Muralikrishna et al.  Acta Materialia (2025)
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Augmented tracer-interdiffusion couple method: CuFeNi

M.G. Muralikrishna et al.  Acta Materialia (2025)
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Augmented tracer-interdiffusion couple method: CuFeNi

M.G. Muralikrishna et al.  Acta Materialia (2025)
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alloy or in diffusion couples 

deviate by less than 20%

ATDC: under chemical gradient

in homogeneous alloys



Augmented tracer-interdiffusion couple method: CuFeNi

M.G. Muralikrishna et al.  Acta Materialia (2025)



CuNi FeNi

Augmented tracer-interdiffusion couple method: CuFeNi

M.G. Muralikrishna et al.  Acta Materialia (2025)

CuNi FeNi



Conclusions

• The tracer diffusion coefficients evaluated under chemical gradients agree with those 

measured on homogeneous alloys

• Impact of non-equilibrium vacancies on atomic migration in the Cu–Fe–Ni system is 

evaluated, substantiating the general validity of the Darken– Manning scheme

• The predicted pore fraction qualitatively agree with experiment. The maximum pore fraction on 

the Fe-rich side can be reproduced only by the simulations with explicit accounting for vacancy 

diffusion.

• The present study demonstrates that chemical diffusion profiles can be fitted even using 

uncorrected mobility databases, which essentially (by more than a factor of two to three) 

overestimates the Ni diffusion rates 

• Combination of fluxes, pore fractions, and mobilities is a valid tool for mobility data 

assessment
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• Impact of non-equilibrium vacancies on atomic migration in the Cu–Fe–Ni system is 

evaluated, substantiating the general validity of the Darken– Manning scheme

• The predicted pore fraction qualitatively agree with experiment. The maximum pore fraction on 

the Fe-rich side can be reproduced only by the simulations with explicit accounting for vacancy 

diffusion.
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uncorrected mobility databases, which essentially (by more than a factor of two to three) 

overestimates the Ni diffusion rates 

• Combination of fluxes, pore fractions, and mobilities is a valid tool for mobility data 
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Thank you!



Augmented tracer-interdiffusion couple method: CuFeNi

Impact of vacancy flux

vacancy wind effect (cross-terms)

Belova & Murch, Visualization of the Vacancy-Wind 

Effect Occurring in Chemical Diffusion and Ionic 
Conductivity in Solids. Defect Diffusion Forum 273-
276 (2008) 431-444

vacancy production / annihilation

Gheno, Szczepan, Salsi, Desgranges, Monceau, Simulation of 

diffusion with non-equilibrium vacancies, Kirkendall shift and 
porosity in single-phase alloys, Computational Materials 
Science 215 (2022) 111785
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