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Received 31 May 2007; received in revised form 18 July 2007; accepted 8 November 2007
Available online 4 January 2008

Abstract

Molecular statics, molecular dynamics and kinetic Monte-Carlo are used to model the carbon Snoek peak in ferrite. Using an inter-
atomic EAM potential for the Fe–C system, saddle point energies for the diffusion of carbon have been evaluated under uniaxial stress by
molecular statics. These energies have been reintroduced in a kinetic Monte-Carlo scheme to predict the repartition of carbon atoms in
different octahedral sites. This repartition leads to an anelastic deformation calculated by molecular dynamics, which causes internal
friction (the Snoek peak) for cyclic stress. This approach leads to quantitative predictions of the internal friction, which are in good
agreement with experiments.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In body-centred cubic (bcc) metals, like a-Fe, interstitial
solute atoms are found in octahedral sites, which have the
characteristic to be strongly non-symmetrical, leading to
local strain distortions (cubic to tetragonal symmetry).
These distortions can produce anelastic relaxation observa-
ble by dynamical mechanical measurements. Snoek [1] first
discovered this relaxation by measuring the internal fric-
tion of an Fe–C sample as a function of temperature. He
found that the relaxation amplitude was proportional to
the carbon concentration.

This proportionality has been proved for a great amount
of interstitial atoms (see the insightful review of Weller [2])
and therefore is very useful to quantify precisely the
amount of interstitial atoms. The position of the peak is
another important information that can be deduced from

internal friction analysis. It is related to interactions
between interstitial atoms and the iron matrix. As these
interactions contain an elastic and a chemical part, their
prediction, or modelling, is far from trivial.

The linear point defect theory [2,3] has been extensively
used to describe the Snoek relaxation. However, non-linear
effects, such as interaction of C with interstitial solute
atoms or dislocations cannot be treated properly with this
theory. Some previous studies tackled this problem either
analytically [4] with fitting parameters or numerically [5]
with empirical pairwise interatomic potentials.

In this paper, a general scheme at the atomic scale, able
to account for non-linear effects, will be presented and val-
idated on a simple Fe–C system. A molecular statics (MS)
framework based on a recently published Fe–C embedded
atom method (EAM) potential [6] is used to evaluate sad-
dle point energies as a function of external applied stress.
These saddle point energies serve as entry parameters of
a kinetic Monte-Carlo (KMC) simulation that describes
the kinetics of carbon jumps in interstitial sites. Then
molecular dynamics (MD) is used to get the anelastic
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distortion from the carbon population distribution (that
comes out of KMC). Finally, form the applied stress and
the resulting global strain, internal friction is calculated.

Some alternative approaches combined KMC with MD
(e.g. radiation damages). In most of these works, MD
results served as entry parameters for KMC [7,8]. Recent
studies have tried to improve the coupling between the
two methods, either by performing an ‘‘on the fly” combi-
nation of KMC and MD [9], or by extracting constitutive
laws from MD calculations and incorporating them in
KMC [10]. Our original scheme could be considered as a
mixture of the two above mentioned techniques.

2. Snoek relaxation

Mechanical spectroscopy is a powerful experimental
tool for characterising the Snoek relaxation. A cyclic stress
r ¼ r0 cosðxtÞ is applied to a sample and the deformation
� ¼ �0 cosðxt þ /Þ is measured. The deformation can be
decomposed as follows:

� ¼ �00 cosðxtÞ þ �000 sinðxtÞ ð1Þ

with �00 ¼ �0 cosð/Þ being the strain component in phase
with stress (elastic deformation: r ¼ �0E;E : Young’s
modulus) and �000 ¼ �0 sinð/Þ the stain component in quad-
rature with stress.

The internal friction d is defined as the ratio of the dis-
sipated energy during one cycle (DW ) over the maximum
elastic energy (W el)

d ¼ DW
W el

¼
R 2p
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Internal friction is often referred to as Q�1 ¼ d=ð2pÞ ¼
tan /.

In the case of carbon in bcc iron, there are three types of
octahedral sites (1, 2 and 3), which are energetically equiv-

alent in a stress free state (Fig. 1a). Application of a uniax-
ial stress r, splits the energy levels such that one site, called
‘‘site 1”1, is different from the two others, called ‘‘site 2”2 in
the following (see Fig. 1b).

At low applied stresses (linear point defect theory), car-
bon jump frequency m does not depend on stress or site
types and follows an Arrhenius equation: m ¼ m0 exp½�
DG0=ðkT Þ�, where DG0 is the diffusion barrier of carbon
and m0 the jump attempt frequency. Within the linear point
defect theory [2], the system undergoes a relaxation with
inverse time s�1 ¼ 3m. Internal friction is then given by a
Debye equation

Q�1 ¼ Dxs

1þ ðxsÞ2
ð3Þ

where D is the relaxation strength and Q�1
Max ¼ D=2 is the

internal friction maximum value.
To avoid the former assumption of linearity and pro-

pose a more general framework for modelling the Snoek
relaxation, we need to evaluate: (i) the stress dependence
of saddle point energies; (ii) the carbon distribution in each
site type versus time; (iii) the anelastic deformation for a
given carbon distribution. Each of these steps will be
detailed in the following section.

3. Modelling internal friction: the method

3.1. Saddle point energies versus stress

To analyse the evolution of the diffusion barrier with
external stress, a conjugate gradient procedure has been
applied to a system of 2000 iron atoms and 1 carbon atom.

1

1

1

1

1

1

2

2

2

2

2

2

3

33

3

3 3

1

1

1

1

1

1

2

2

2

2

2

2

2

22

2

2 2

a b uniaxial stress 
direction

Fig. 1. (a) Three energetically equivalent octahedral sites in a stress free ferritic matrix. (b) Applying uniaxial stress leads to the formation of two
energetically different octahedral sites: sites 1 (respectively 2) have their tetragonal distortion axis parallel (respectively perpendicular) to uniaxial stress
direction.

1 With tetragonal distortion axis parallel to uniaxial stress direction.
2 Formerly sites 2 and 3 of Fig. 1a, with tetragonal distortion axis

perpendicular to uniaxial stress direction.
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