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Motivation

Copper, Nickel and Manganese alloyed steels are widely
used in power stations as material for pipelines and pressure
vessels. These alloys permit higher hardness and tensile
stress at high operational temperatures of power stations,
which vary between 300 and 450◦C. After years of operation
hardening can lead to embrittlement and failure.

As a result of thermal aging, coherent bcc Cu-rich pre-
cipitates nucleate and grow in the α Fe-matrix. After a
critical radius of ∼ 2 nm, precipitates start a crossover to
a fcc crystal structure, where Cu finds its lowest bulk free
energy[1].

bcc→ Twinned 9R → 3R → fcc
r < 2nm r : 2− 9nm r > 9nm

Formation and growth of precipitates in thermally aged Fe-
Cu-Ni-Mn alloys at temperatures above 300◦C are studied
by kinetic Monte Carlo simulations. By means of a ther-
mal activated vacancy diffusion mechanism on a rigid bcc
lattice, it is possible to characterize the processes of nucle-
ation, growth, and Ostwald ripening of the Cu-rich clusters
for a wide range of temperatures and temporal scales.

Kinetic model

The bcc structure is modeled by a fixed lattice occupied
with Fe-,Cu-,Ni-,Mn-atoms and 1 vacancy. The precipita-
tion occurs by atomic diffusion driven by a thermally acti-
vated vacancy mechanism[2]
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where Xj ∈ {Fe, Cu, Ni, Mn}
ΓXj ,V : Jump rates for atom Xj and vacancy V
νXj

: Attempt frequencies
∆EXj ,V : Activation energies for migration

kT : Boltzmann-constant × temperature

The activation energies ∆EXj ,V : are strongly dependent
on the local arrangement and are calculated separately for
each interchange of atomic positions
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where: Xj ,Xk ∈ {Fe, Cu, Ni, Mn}
ESp,Xj

: Saddle point energy
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: are derived from experimen-

tal data, and Ab initio and Calphad calculations[3].

Interfacial energies calculations - broken bond model

Interfacial energies between a Cu-rich cluster and the sur-
rounding Fe-rich matrix are calculated using the nearest
neighbor broken-bond model[5] which is based on the in-
teratomic energies εAB :

γ = nszs
[

ε
AB
− 1

2(εAA
+ ε

BB
)
]

,

ns : number of bonds across
the interface per atom

zs : number of surface atoms/unit area

A,B ∈ {Fe, Cu, Ni, Mn}

Interfacial energies for some orientation crystal planes:
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γ [J/m2] {100} {110} {111}
Fe-Cu 0.4834 0.4101 0.4465

Fe-Ni 0.1064 0.0903 0.0983

Fe-Mn 0.1596 0.1355 0.1475

Cu-Ni 0.0443 0.0376 0.0410

Cu-Mn 0.1951 0.2759 0.3379

Ni-Mn -0.2838 -0.2408 -0.2622

Kinetic-Monte Carlo (KMC) simulations

Fe - Cu 1.5 wt % - Ni 1.3 wt% - Mn 0.95 wt% T = 500oC , L = 128, N = 4194304 − 1 vacancy

t=0 t=10.4 minutes t=5.3 hours t=26.3 hours
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1.5Cu, 1.3Ni, 0.95Mn wt.%  T=500° C

Simulation
Fit 1: Power law
Fit 2: Class. law
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R̄(t) = (R̄(0)3 + KLSWt)
1/3 gLSW (R) = (4/9)(R/R̄)2(3/(3 + (R/R̄)))7/3(1.5/(1.5 − (R/R̄)))11/3 exp((R/R̄)/(R/R̄)− 1.5) ←− Lifshitz, Slyosov, Wagner (LSW) theory

Single precipitate composition

Ni and Mn solute atoms have the tendency to form shells
around the precipitates.

1312 Cu, 340 Ni, 384 Mn atoms

Parametric study

The degree of advancement of the precipitation is measured
by ξ(t) = (Cm

B
(t0) − Cm

B
(t)) / (Cm

B
(t0) − Cm

B
(∞)) where

Cm
B
(t) is the solute atom concentration within the solid

solution (matrix m) and compared with the Johnson-Mehl-
Avrami-Kolmogorov (JMAK) law: ξ(t) = 1−exp{−(t/τ )n}
for different temperatures (figure below, left).
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The temporal evolution of the mean radii of precipitated
was traced for different temperatures (figure above right).
(1) Fe-Cu: Varying Cu concentration at constant T
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(2) Fe-Cu-Ni: Varying Ni concentration at constant T
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(3) Fe-Cu-Mn: Varying Mn concentration at constant T
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Phase Field Method (PFM) simulations

Phase-field modeling provides the proper framework to com-
plement the atomistic simulations and extend them to larger
spatial and temporal scales. We use a quantitative PFM
model based on a grand chemical potential formulation[4],
which uses the final results of KMC as initial configuration
and Calphad data for thermodynamic description of the
system. The size and location of each precipitate cluster
obtained in the KMC simulations are transfered as input
for the phase-field simulations. Interfacial energies are cal-
culated with the broken-bond model and diffusivities are
estimated from experimental data reported in literature.
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Conclusions

◮The atomistic Monte Carlo method allow to simulate co-
herent precipitation in Fe-Cu-Ni-Mn alloys via a vacancy
mechanism. The obtained precipitate radii distributions
and the temporal evolution of the mean radii follow ap-
proximately the classical LSW theory for Ostwald ripening.

◮The parametric study shows that Ni solute atoms do not
play a significant role on the precipitation. On the other
hand, Mn atoms contribute accelerating the coarsening.

◮The phase-field model can be validated quantitatively for
the Gibbs-Thomson effect and it also predicts the coars-
ening kinetics correctly.

◮While the Monte Carlo method captures the nucleation of
small precipitate clusters, the phase-field model is able to
capture the coarsening regime and coalescence events at
high volume fraction of precipitates.
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