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Cohesive laws for shearing of iron/precipitate interfaces

A. Elzasa,˚, T.P.C. Klavera, B.J. Thijssea

aDelft University of Technology, Department of Materials Science and Engineering, Mekelweg

2, 2628 CD Delft, The Netherlands

Abstract

The behaviour of 11 differently oriented iron-precipitate interfaces under a
shear load is studied with molecular dynamics simulations. We find that the
behaviour depends not only on the interface orientation but also on the shear
direction. Furthermore, for many interfaces the presence of a dislocation at the
interface triggers a structure change in the interface, and with that completely
modifies the shear behaviour. Several interface characteristics are inspected for
their possibly decisive influence on the observed loading curves. However, none
of these characteristics is found to correlate conclusively with the shear behaviour
of the different interfaces. This indicates that actual shear behaviour is rooted in
a deeper level of complexity than just depending on the properties of the initial
interface. Clearly the time evolution of the interface during shearing is crucial.
From the observations a comprehensive cohesive law is derived that represents the
shear behaviour for every interface and for both shear directions. This cohesive
law can be used in numerical methods at a larger length sale, such as discrete
dislocation plasticity.

Keywords: Dislocations, Molecular Dynamics, Shear loading, Iron/precipitate
interface, Cohesive law

1. Introduction

In everyday use, interfaces in metallic microstructures are routinely subjected
to stresses. Deformation and in certain cases mechanical failure are sometimes
the ultimate results. Dislocations play an important role in this, but the stress
response at interfaces between grains is equally important. Advanced high strength
steels show limited ductility due to interface decohesion. To correctly model the
material behaviour, so that the limited ductility can be explained, it is crucial
to understand the interface behaviour under different loading conditions. This
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paper sets out to describe interface behaviour under shear loading, using large-
scale atomistic simulations as principal method. Dislocation-interface interactions
are part of this study. It will be shown that the same crystals but with different
orientations on both sides of the interface give rise to widely different mechanical
responses to shear. The ultimate purpose of this paper is not only to identify
”weak” interfaces and the reasons therefor, but also to derive from the simulation
results cohesive laws, which can be used in numerical methods at the next larger
length scales beyond atomic, such as discrete dislocation plasticity where interfaces
are modelled by cohesive zone models.

The system under study is Fe – X, with X being a material modelling a hard
precipitate. Details are given later. In earlier work [1] we derived tensile traction
relations Tnpunq, where T is traction, u is displacement of two points on opposite
sides of the interface and n is the direction normal to the interface. Tensile loading
is just one case.

In the present study we use classical molecular dynamics (MD) simulations
to derive shear traction relations Ttputq, where t is a direction parallel to the
interface, for the same 11 interfaces as those studied earlier (un ” ub ” 0, where n
is the direction normal to the interface and b is a direction parallel to the interface
forming a right-hand coordinate system with n and t). The shear loading is applied
in two opposite directions to examine symmetry aspects in the interface behaviour.
The simulations are done with and without a dislocation initially present at the
interface. The main results of the present work are the cohesive laws that are
derived from the observed traction data and a deeper insight in the differences
between the various Fe – X interfaces.

Cohesive zone models were introduced by Barenblatt [2] and Dugdale [3], who
addressed fracture as a gradual process. They assumed that there is no stress
transmission between the fully separated crack surfaces, while a cohesive zone
ahead of the crack continues to transmit forces between a pair of virtual surfaces.
This behaviour is governed by a traction-crack opening displacement constitutive
law.

Cohesive zone models can be either potential-based or non-potential-based.
The most commonly implemented cohesive zone model is the potential-based
model developed by Xu and Needleman [4]. Here the first derivatives of an in-
terface potential function give the traction-separation relations. The normal and
tangential behaviour are coupled, which means that both tractions depend on both
the normal and tangential separation. The coupling is controlled by two coupling
parameters r and q. The ratio between the work of tangential separation and
the work of normal separation, q “ φt{φn, determines the relative strength of the
interface under mode I and mode II separation. The coupling parameter r gives
the ratio between the normal separation after complete shear separation without
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normal traction and a characteristic length for the normal debonding process. Van
den Bosch et al. [5] have shown that only for r “ q the required tangential traction
increases with increasing normal compression, as it does in friction. Furthermore,
physically realistic coupling is obtained only for q “ 1, since only then the re-
quired normal traction reduces to zero at complete shear separation. However,
that implies that φt “ φn which experimental studies [6] have shown is often not
true. Van den Bosch et al. [5] modified the Xu-Needleman cohesive zone model
by allowing for φn ‰ φt. This model is no longer potential-based.

Park et al. [7] proposed a potential-based constitutive model where fracture
energies are different for the different fracture modes, which they showed is neces-
sary to correctly simulate the mixed-mode fracturing. McGarry et al. [8] analysed
various cohesive zone models with respect to over-closure and found that when
traction-separation relations are obtained from a potential function, non-physical
repulsive normal tractions can result when the work of tangential separation ex-
ceeds the work of normal separation. They proposed a number of new potential-
based and non-potential-based models to control, respectively eliminate, the prob-
lem of repulsive normal tractions. Dimitri et al. [9] checked various models for
their thermodynamical consistency and found that most produce inconsistencies at
the local level, which may cause undesirable features in the global behaviour. They
also proposed a reformulation of the cohesive zone model by Xu and Needleman
[4] as modified by van den Bosch et al. [5] within a thermodynamically consistent
framework.

Conventionally the parameters for a traction-separation law are obtained em-
pirically, from polycrystalline samples. However, they then reflect the average
response of many interfaces. This is therefore inappropriate as a representation of
constitutive behaviour of interfacial debonding at the nano-scale. To obtain the
parameters of the cohesive law to accurately describe interfacial debonding at the
nano-scale atomistic simulations can be used.

Zhou et al. [10, 11] derived with MD simulations a cohesive zone law for crack
growth at the interface of a brittle material under mixed mode loading. Only one
interface was considered. Given the set-up of their simulations, interface sliding
and dislocation nucleation and movement were not possible. Spearot et al. [12]
performed MD simulations on a copper bi-crystal interface under pure shear and
pure tensile loading to extract information as input for a cohesive law. In [13]
they showed the effect of the deformation path on the resulting microstructure for
a nanoscale copper bi-crystal interface. They conclude that ‘in order to incorporate
path-history dependent effects into continuum interface separation potentials, ad-
ditional parameters must be used to describe dissipative structural rearrangement
within the deformation boundary layer’. Dandekar and Shin [14] parametrised,
based on molecular dynamics simulations, a cohesive law for pure mode I and
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mode II decohesion for an Al-SiC interface. Yamakov et al. [15, 16] derived a
cohesive zone law from molecular dynamics simulations for implementation in a
cohesive zone finite element model for simulating fracture in nano-crystalline or
ultrafine grained aluminium. Gupta et al. [17] performed MD simulations on
an Al(metal)-Cu50Zr50(metallic glass) interface under mode I and mode II load-
ing conditions to predict the strength of the interface. Paliwal and Cherkaoui
[18] developed for a specific symmetric tilt grain boundary in copper an atomistic
simulation based cohesive zone law which accounts for the non-planarity of crack
propagation.

Although many studies, as can already be seen in the short selection described
above, studied interface behaviour, only little information is available on interfaces
in steel. In the present study we therefore examine the behaviour of iron-precipitate
interfaces, as a model for the interfaces between the matrix and precipitates that
can be encountered in advanced high strength steels. Most of the literature in
which cohesive zone law parameters are determined from MD simulations focusses
on one particular interface for a certain material (combination). In the present
study we derive a cohesive law for 11 different iron-precipitate interfaces under
pure shear loading, with and without dislocations interacting with the interface.
We show that not just the material combination across the interface, but also the
specific orientations of the crystals give a large variety in the response to a shear
load. Furthermore, this response is shear direction dependent. Section 2 describes
the material, the set-up of the simulations and the analysis methods. The tan-
gential traction relations and the differences in sliding behaviour are described in
section 3.1 for simulations without initial dislocations. The role of the geometri-
cal and structural characteristics of the interfaces is studied in section 3.1.4. The
influence of an initial dislocation is described in section 3.2. In section 4 cohesive
laws are derived which quantitatively describe the relation between Tt and ut for
all interfaces. Finally, conclusions are given in section 5.

2. Method

The response of 11 different iron-precipitate interfaces to a shear load is studied
by classical molecular dynamics simulations. The response to a tensile load applied
to the same interfaces was already reported in [1]. In the tensile case it was found
that stress concentrations may develop which in turn lead to crack nucleation.
Here, because of periodic boundaries of the simulation volume, crack nucleation is
impossible.
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2.1. Material description

Iron is described with the EAM potential by Ackland et al. [19]. In the EAM
format the potential energy of atom i is given by

Ui “ F pρiq ` 1{2
ÿ

j

φijprq, (1)

where F is the embedding energy of atom Fe or atom X as a function of the
local electron density ρi, and φij is the pair interaction between atom i and the
surrounding atoms j as a function of their distance r. The local electron density
ρi is made up from the contributions ψj to the electron density by the atoms j
surrounding atom i at distances r,

ρi “
ÿ

j

ψjprq. (2)

F , φ and ψ are relatively simple functions, parametrised for Fe. They can be found
in the original paper [19].

The artificial precipitate material X is chosen to be material Xp3q from [20]. In
this work we choose φXX “ 2φFeFe, aX “ 1.1aFe, and the embedding term F pρiq is
equal for Fe and X atoms. To create material X with lattice constant aX “ 1.1aFe,
we use

φXXprq “ φFeFepr{1.1q,

ψXprq “ ψFepr{1.1q.
(3)

X has thus a 10 % larger lattice constant than Fe and, as a result of the X – X pair
interaction being twice as strong as that of Fe – Fe and the X- and Fe-embedding
terms being equal, X has a 49 % larger Young’s modulus than Fe. Material X
is thus stiffer than Fe and, due to the different lattice constant, forms semi- or
non-coherent interfaces with Fe. Dislocation transfer into the precipitate material
is therefore hindered, just as it is in real precipitate materials found in steel, such
as carbides and nitrides of different alloying elements. Similar to [20] the mixed
Fe – X pair interaction is a linear combination of the individual Fe – Fe and X –
X pair interactions,

φFeX “ qpφFeFe ` φXXq, (4)

where the factor q in this study equals 1{3. This Fe–X pair interaction in combina-
tion with the orientations of the Fe and X grains on either side of the interface de-
termines the interface strength. However, defects at the interface, initially present
but also those developing during loading and grain sliding, may be of significant
additional influence.
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2.2. Setup

The Fe – X system is schematically shown in Figure 1. The system size is
dependent on the orientation of the crystals, and on average equals 165ˆ4.4ˆ110
nm3, with the number of atoms per system varying between 6 and 9 million. The
system is periodic in x and y.

M

F

D

x

z

X

Fe

y

Figure 1: Setup of the simulations. The simulation
box consists of an Fe – X bicrystal, which is periodic
in x- and y-directions. The atoms in region F are
kept fixed, atoms in region M are mobile atoms,
whose positions are updated by time integration,
and the atoms in region D are moved in the positive
or negative x-direction with a constant strain rate
of 9ε “ 108 s´1. In the Fe grain one {112}x111y edge
dislocation can be inserted close to the interface,
so that upon minimisation it moves towards the
interface. The X grain is the precipitate material.

The orientations of the 11 different interfaces, being the same as the ones
studied in [1], are listed in Table 1. Since in α-iron the typical cleavage plane
is the (100) plane, with the crack front direction in either the [001] or the [011]
direction, the most logical starting point for the study of interface decohesion, as is
also the focus of [1], is a system with the (100) plane at the interface, which upon
decohesion becomes the crack plane. To study the interaction of a dislocation
with such an interface, the dislocation line has to be in a periodic direction to
avoid edge effects. In both [20] and [1] the choice was therefore made to study
dislocations of the {112}x111y slip system, so that the dislocation line is in the [011]
direction, which, with the (100) plane at the interface, is the crack front direction.
With this as starting point, the orientations of the iron and precipitate crystal
are varied to obtain the orientations given in Table 1. In [1] it was shown that
the relation between normal traction Tn and normal separation un during crack
growth is independent of the number of dislocations in the iron grain impinging
on the interface. These impinging dislocations cause a stress concentration at
the interface, which helps triggering crack nucleation. Note that the time needed
for crack nucleation does depend on the number of dislocations. In the present
study no crack nucleation or decohesion will take place, since only a pure shear
load is applied to the system, the system has periodic boundary conditions in the
loading direction, and atomic z-displacements are not allowed in regions F and D.
The simulations are performed both without dislocations and with one dislocation
present in the iron grain at the interface. In this manner not only the pure shear
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Table 1: Orientations of the Fe and X grains giving the 11 different interface structures. The
angle between the dislocation glide direction and the interface is given as ζ in Fe and η in X.

Fe X
x y z x y z ζ (˝) η (˝)

(100) Fe S1 [011̄] [011] [100] [111̄] [011] [21̄1] 35.3 0.00
S2 [011̄] [011] [100] [011̄] [011] [100] 35.3 35.3
S3 [011̄] [011] [100] [2̄33̄] [011] [311̄] 35.3 60.5
S4 [011̄] [011] [100] [211̄] [011] [11̄1] 35.3 90.0

(100) X Fe1 [111̄] [011] [21̄1] [011̄] [011] [100] 0.00a 35.3
Fe3 [2̄33̄] [011] [311̄] [011̄] [011] [100] 60.5 35.3
Fe4 [211̄] [011] [11̄1] [011̄] [011] [100] 90.0b 35.3

(110) Fe X1 [001] [11̄0] [110] [111] [11̄0] [112̄] 54.7 0.00
X2 [001] [11̄0] [110] [113] [11̄0] [332̄] 54.7 29.5
X3 [001] [11̄0] [110] [001] [11̄0] [110] 54.7 54.7
X4 [001] [11̄0] [110] [1̄1̄2] [11̄0] [111] 54.7 90.0

a The dislocation is placed in the [11̄1] direction, giving an angle between slip plane and
crack plane of 70.6˝.

b The dislocation is placed in the [1̄1̄1] direction, giving an angle between slip plane and
crack plane of 19.4˝.

behaviour but also the influence of a dislocation can be studied. The dislocation
is initially placed in the iron grain at 10 Å underneath the interface by removing
a half plane of atoms. Upon energy minimisation the dislocation moves to the
interface where it halts. By starting the simulations with the dislocation at the
interface, instead of far below the interface, the influence of the different angles
between glide plane and loading direction for the different oriented Fe grains is
minimised.

In the simulations, atoms in the lower 10 Å are kept fixed, region F in Figure 1.
On atoms in the upper 10 Å, region D, a tangential displacement is imposed with a
constant strain rate 9ε of 108 s´1. For the mobile atoms, region M, time integration
using a time step of 5 fs is performed at 1 K with a Nosé-Hoover thermostat. Prior
to loading, the system is equilibrated at 1 K for 100 ps. The stress σ that results
from the applied strain is calculated by summing the resulting forces on the atoms
in region D and dividing this by the area in the x, y-plane.

The very low temperature of 1 K was chosen to be able to see details of the
atomic behaviour driving the interface dynamics. At higher temperatures these
details would be hidden by thermal vibrations.

The particular interface realisations for each of the 11 crystal orientations are
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taken from [1], where they were created using the method described by Tschopp
and McDowell [21]. A systematic collection of interface structures was generated by
energy minimisation following extremely small initial displacements in the x and y
directions. Of all the possible interface structures thus generated, the structure of
which the interface energy has the highest number of occurrences in the collection
is chosen as the final realisation.

2.3. Local behaviour

Similar to [1], to calculate the local response to the applied load in the interface
region, the region is divided into multiple bins along the x-direction. Each bin is
then divided in two: one half above the interface, one half underneath, as shown
in Figure 2. The width of each bin, δx, was chosen to be 8.8 Å, or five atomic
[100] planes. The height of the bins, δz, was chosen as 20 Å. This ensures that the
total interface region, which is the region in which significant extra strain is seen
with respect to the bulk, is taken into account in the calculations made over each
bin.

interface

X

Fe

δz

δx

Figure 2: Division of interface region into bins with width δx of 8.8 Å and height δz of 20 Å.
The bins have a role only in the data analysis, not in the simulation.

For every bin i the stress is calculated as the average of the stresses on the Ni

atoms j in the bin, according to

σi “
1

Ni

Ni
ÿ

j“1

σij . (5)

The tangential traction Tt in a bin is equal to the xz component of this average
stress in the bin.

The tangential separation ut between the bins above and underneath the in-
terface is calculated as the tangential distance between the centers of mass (c) of
these bins

ut “ xXc ´ xFe
c , (6)
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where xFe
c is the x-position of the center of mass of the Fe-bin (below the interface)

and xXc is the x-position of the X-bin, above the interface. For simplicity of
notation, Tt and ut do not carry a subscript designating the bin to which they
apply. The values for Tt and ut were calculated every 100 time steps (500 fs) as
an average over 10 time steps (50 fs).

To determine Tn and un in [1], the allocation of atoms to bins was made ev-
ery time step when these values were calculated. To determine Tt and ut in this
study, the allocation to bins is made once, at the beginning of the simulation. This
difference is necessary since interface sliding occurs under shear loading. To deter-
mine the tangential displacement, the displacements with respect to the original
positions need to be used.

In addition to the Ttputq results for individual bins, the data are also averaged
over the entire interface and over time intervals of 10 ps. This averaging is done
to smoothen the curves and get a better view on the similarities and differences
between the different interfaces and loading directions. These average traction
data are indicated as Ttputq. Also, in isolated cases, the standard deviation of
these data points SpTtputqq is reported. This quantity reflects the homogeneity of
the traction value along the interface.

2.4. Methods

The MD-simulations are performed with LAMMPS [22, 23] and the GPU-
accelerated version hereof [24, 25, 26]. The structures are visualised with OVITO
[27]. As a measure for changes in the interface structure the number of non-
bcc atoms at the interface is determined with the common neighbour analysis as
implemented in LAMMPS [28, 29]. We found this to be a sensitive diagnostic for
recording structural changes at an interface.

3. Results

In the following we present the results of this work. Section 3.1 shows that
without dislocations present the interfaces can be divided in three different cate-
gories: those that show equal behaviour under opposite shearing direction, Section
3.1.1, those that show a small difference in behaviour under opposite shearing di-
rections, Section 3.1.2, and those that show a large difference in behaviour under
opposite shearing directions, Section 3.1.3. Section 3.1.4 discusses the characteris-
tics of the different interfaces and their relation, or the absence of a relation, with
the behaviour of the interfaces under a shear load. With an initial dislocation
present at the interface, the interfaces can be divided in two categories : those
where the dislocation does not influence the behaviour under a shear load, Section
3.2.1, and those where the dislocation changes the interface structure and with
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that the behaviour under a shear load, Sections 3.2.2 and 3.2.3. The influence of
the dislocation slip plane and the loading direction is discussed in Section 3.2.4.

As a reference to the 11 different Fe – X bicrystal interfaces, of which the
crystallographic data were given in Table 1, we show the initial atomic structures
in Figure 3 and those after 500 ps shear loading in positive x-direction in Figure
4.

Fe1 Fe3 Fe4

S1 S2 S3 S4

X1 X2 X3 X4

x

z

Figure 3: Atomic positions at the interfaces. Atoms in blue are X, atoms in red are Fe.

3.1. Shear loading without dislocations

For all interfaces and loading directions the upper crystal eventually slides
over the lower crystal. Yet, the system responses vary. For some interfaces the
tangential traction versus tangential separation (Ttputq) for all bins follows a very
similar periodic behaviour, as illustrated in Figure 5a for the X1 interface, where
the traction behaviour is shown for five different bins, indicated by their initial
x-positions x0 (for clearer visibility the curves for the different bins have been
shifted along the Tt-axis). For some other interfaces, however, first a barrier needs
to be overcome in every bin before sliding starts, as is shown by a non-zero value
(roughly 3 GPa) of the sliding resistance T s

t . This is illustrated for five bins of the
Fe4 interface in Figure 5b.

As can be seen in Figure 5a, for all the bins along the X1 interface the behaviour
is similar. For the Fe4 interface the behaviour of the individual bins is dissimilar,
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Fe1 Fe3 Fe4

S1 S2 S3 S4

X1 X2 X3 X4

x

z

Figure 4: Atomic positions at the interfaces after 500 ps of shearing in the positive x-direction.
Atoms in blue are X, atoms in red are Fe. Atoms marked in green formed one vertical plane
before shearing.

more chaotic and not as clearly periodic as for the X1 interface (5b). It is therefore
harder to notice common patterns in the different bins. However, the averages
and the standard deviations over time of the tangential traction during sliding
are equal for the different bins, which does show a certain similarity between the
bins. Therefore, for easy comparison, for every interface and loading direction
the average Tt over the bins is determined. Also, the interface structures are
analysed. As mentioned above, three different kinds of behaviour are seen for the
11 interfaces: 1. equal behaviour for shearing in opposite directions, 2. slightly
different behaviour for shearing in opposite directions, 3. very different behaviour
for shearing in opposite directions. We will next discuss these different types.

3.1.1. Equal behaviour for shearing in opposite directions

For the S2, X1 and X3 systems the average tangential tractions Ttputq are equal
for shearing in opposite directions, see Figures 6 and 7 (X1 is similar to X3). These
interfaces all have a structure that is quite flat and is mirror symmetric along the
y´ z plane, Figure 3. Therefore it is not surprising that the behaviour is the same
in both shearing directions. Because of the flatness of the Fe and X surfaces at the
interface, these Fe and X crystals clearly slide along the interface as rigid blocks,
and not, as is seen for most of the other interfaces, following a gradual slip profile
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Figure 5: Two examples of different sliding behaviour at different interfaces. Tangential traction
versus tangential separation for five bins along the X1 and Fe4 interfaces under shearing in the
positive x-direction. For a clearer view on the behaviour of individual bins the curves have been
shifted vertically. The initial bin positions are indicated by x0. Note the difference in vertical
scale for the two interfaces.
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of the top Fe planes, Figure 4.
This can be further quantified by looking at the structure of the interface. As

a measure for changes in the interface structure we record the number of non-bcc
atoms per unit of interface area, nint. This number hardly changes for S2 (Figure
7(bottom)), X1 and X3 (Figure 6(bottom)), and one can therefore conclude that
the interface structure does not change, which again indicates that the sliding
takes place as rigid crystal blocks along these interfaces. The sliding along the
X3 interface, Figure 6(top), and along the X1 interface (not shown) takes place
at near-zero resistance. For S2 a barrier in Ttputq has to be overcome before the
crystals start sliding, as shown by the non-zero steady-state resistance, Figure 7.

0

2

4

6

T
t
(G

P
a
)

right
left

0 500 1000 1500 2000 2500
t (ps)

0.0

0.2

0.4

n
in

t
(Å

−
2
)

right
left

Figure 6: Time evolution of tangential traction averaged over all bins along the interface (top)
and number of non-bcc atoms per unit interface area (bottom) for the X3 interface (see Figure 3)
under shear loading in opposite directions. To smoothen the curves the data points are averaged
over 10 ps.

3.1.2. Small difference between shearing in opposite directions

The Fe1, Fe3, Fe4, S1, S3, and S4 interfaces show small differences for shearing
in opposite directions. This is caused by the initial interface structures, Figure
3, having deviations from mirror-symmetry. After 500 ps of shearing, Figure 4,
all these interfaces show sliding of the X crystal with respect to the Fe crystal in
another way than sliding as rigid blocks. The upper atomic Fe layers exhibit a
gradual slip profile in the shearing direction, as can be seen by the displacement
of the atoms marked in green.

During shearing and before sliding, the tangential traction increases and the
number of non-bcc Fe and X atoms changes, as is illustrated in Figure 8 for the
Fe4 interface. Once the upper crystal slides with respect to the lower crystal, the
structure of the interface no longer changes, as is indicated by the constant nint,
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Figure 7: Time evolution of tangential traction averaged over all bins along the interface (top)
and number of non-bcc atoms per unit interface area (bottom) for the S2 interface (see Figure 3)
under shear loading in opposite directions. To smoothen the curves the data points are averaged
over 10 ps.

and the tangential traction becomes constant: a steady-state sliding behaviour
develops. We find a small difference between the responses to shearing in the two
directions. The barrier which needs to be overcome to start sliding is higher when
shearing to the left, which is reflected by a small peak in the tangential traction
and a different change in interface structure compared to shearing to the right.

The Fe1, S1, S3, and S4 interfaces show a similar behaviour as the Fe4 interface,
i.e. with only a small difference between shearing to the left or to the right. The Fe3
interface shows a slightly different behaviour, which is explained in Appendix A.

3.1.3. Large difference for shearing in opposite directions

For the X2 and X4 interfaces, due to their saw tooth structure as shown in
Figure 3, there are large differences between shearing in opposite directions. In
one direction sliding takes place almost without resistance, while in the other a
barrier has to be overcome, and sliding occurs with a resistance of almost 2 GPa.
Figure 9 illustrates this behaviour for the X2 interface. Shearing to the right leads
to sliding at near zero friction, without a change in interface structure, as indicated
by the constant number of non-bcc atoms. As can be seen in Figure 4, this sliding
occurs as rigid blocks. When sheared to the left, a barrier has to be overcome and
the structure slides at a tangential traction of almost 2 GPa while the interface
structure changes. In this case, atoms in the upper Fe planes follow a gradual
slip profile in the shearing direction. Conversely, the X4 crystals show the same
behaviour but in opposite direction.
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Figure 8: Time evolution of tangential traction averaged over all bins along the interface (top)
and number of non-bcc atoms per unit interface area (bottom) for the Fe4 interface (see Figure 3)
under shear loading in opposite directions. To smoothen the curves the data points are averaged
over 10 ps.
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Figure 9: Time evolution of tangential traction averaged over all bins along the interface (top)
and number of non-bcc atoms per unit interface area (bottom) for the X2 interface (see Figure 3)
under shear loading in opposite directions. To smoothen the curves the data points are averaged
over 10 ps.
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3.1.4. Interface characteristics

To understand the different sliding behaviours of the different interfaces, we
need to study the interfaces in more detail. They can be characterised by the orien-
tations of the crystals on either side, but this alone does not specify the interface
completely, as the precise geometrical structure and the energy play additional
roles. In this section we will therefore describe first the energy of the interface and
its relation with the sliding behaviour and then the geometrical structure and its
relation with sliding.

As explained in Section 2.2, for every orientation the particular interface re-
alisation studied has a structure of which the energy has the highest number of
occurrences among all realisations studied. Only for the S2, X1 and X3 systems
this energy is equal to the minimum interface energy for these particular orienta-
tions, and only these three systems slide as rigid blocks in both shearing directions.
A possible reason for this is that during sliding, systems for which the minimum
interface energy is the most occurring interface energy can move from one lowest-
energy configuration to the next, whereas this is not possible for the other systems.
The value of the interface energy itself shows no relation with the resistance of the
interface to sliding. We find that for systems with one common crystal orienta-
tion, however, a lower interface energy does give a higher resistance to sliding and
therefore a higher T s

t .
The geometrical structure of the interface can be described in terms of the

atomic density, the number of non-bcc atoms, the minimum distance between Fe
and X atoms at the interface, and the degree of intermixing of Fe and X at the
interface. No relation is found between the atomic density at the interface and T s

t .
A general relation (valid for all interfaces) between any of the other three terms and
the sliding resistance is not found either. However, for systems with one common
crystal orientation, certain correlations are found. For these systems (1) a higher
number of non-bcc Fe atoms at the interface gives a higher T s

t . The number of
non-bcc X atoms does not play a role in determining the sliding resistance, since
X is stiffer than Fe and therefore only Fe, and not X, atoms follow a gradual slip
profile in the shearing direction. The number of non-bcc X atoms is therefore not
a factor determining the sliding resistance. (2) A smaller distance between Fe and
X atoms at the interface gives a higher sliding resistance, as does (3) an increased
level of intermixing at the interface.

3.2. Shear loading with dislocation

With one dislocation initially present in the iron grain at the interface the
systems are again subjected to shear loads in opposite directions to investigate
how the dislocation influences the behaviour of the interfaces. Three different
kinds of influence are observed: 1. No influence, 2. A large influence under both
shearing directions, 3. An influence for shearing in one direction only.
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3.2.1. No influence of dislocation

The overall interface behaviour without a dislocation is not changed by the
presence of a dislocation for the Fe1, Fe3, Fe4, S1, S3, S4, and X4 interfaces. The
initial stress profile along the interface is locally influenced by the presence of a
dislocation, as illustrated in Figure 10 for the Fe4 interface and in Figure 11 for the
X4 interface. After 2500 ps of shearing we find two different types of behaviour.
Either the dislocation can no longer be distinguished in the stress profile because it
has dissolved in the interface, and the interface behaviour is not modified (Figure
10), or the dislocation can still be clearly distinguished, since the stress profile is
only locally modified, just as it was initially. The behaviour along the rest of the
interface, however, is not modified, as illustrated in Figure 11.
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Figure 10: Initial and final (after 2500 ps shear in the negative x-direction) normal and tangential
traction profiles along the Fe4 interface with and without an initial dislocation.

3.2.2. Large influence of dislocation in both directions

As can be seen when comparing Figures 7 and 12, an initial dislocation at the
S2 interface has a large but unequal influence on the shearing behaviour in both
directions. Initially this interface has a regular structure of misfit dislocations, in
which the initial dislocation in the iron crystal can be clearly distinguished (Figure
13, top). When a shear load in positive x-direction is applied to the system, the
interface structure starts to change from this dislocation onward in both directions
along the interface. After 900 ps of shear loading, the structure change has reached
bin 60 (about 300 Å to the right of the initial dislocation position), as shown in
Figure 13, bottom. This change in structure is accompanied by a change in the

17



−5

0

5

T
n
(G

P
a
)

no dislocation

0 ps
2500.0 ps

with dislocation

0 ps
2500.0 ps

0 500 1000 1500

x-pos (Å)

−4

−2

0

2

4

T
t
(G

P
a
)

0 ps
2500.0 ps

0 500 1000 1500

x-pos (Å)
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Figure 11: Initial and final (after 2500 ps shear in the negative x-direction) normal and tangential
traction profiles along the X4 interface with and without an initial dislocation.

tangential traction, as can be seen in Figure 14, where the tangential traction is
shown versus time at different positions along the interface. Since in Figure 12
averages over the interface are shown, the graphs in this figure show a gradual
increase. Although the S2 interface is symmetric along the z-axis, the dislocation
placed in the iron crystal has a slip plane at an angle with this axis, and therefore
the symmetry is broken and the structure change, and with that the observed
traction, is different under different loading directions.

3.2.3. Influence of dislocation in one direction only

The behaviour of the X1, X2, and X3 interfaces only changes by an initial
dislocation when sheared to the right. Without a dislocation shearing to the right
leads to interface sliding at a near-zero tangential traction and without a change
of interface structure, as illustrated in Figure 6 for the X3 interface. With a
dislocation, as illustrated in Figure 15, the structure still starts sliding at a very
low traction, but once the structure slides the mean tangential traction and the
size of its oscillations gradually increase and the number of non-bcc atoms at the
interface changes. Similar as for the S2 interface a gradual structure change along
the interface from the dislocation position on explains this behaviour.

3.2.4. Influence of slip plane and loading direction

From the previous sections we can conclude that a dislocation only influences
the response during shearing when the crystals, without a dislocation, slide as rigid
blocks, so without a structure change at the interface. Only when the dislocation
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Figure 12: Time evolution of tangential traction averaged over all bins along the interface (top)
and number of non-bcc atoms per unit interface area (bottom) for the S2 interface (see Figure
3) with one initial dislocation in the Fe crystal, under shear loading in opposite directions. To
smoothen the curves the data points are averaged over 10 ps.

bin 60

dislocation

0 ps

900 ps

Figure 13: Top view of the non-bcc atoms in the S2-interface before (top) and after 900 ps of
tangential loading (bottom). In the top figure the dislocation can be clearly distinguished in the
interface. In the bottom figure, after 900 ps, the atoms in bin 60 are marked in green, and the
interface structure to the left of this bin has undergone a change, which is accompanied by an
increase in tangential traction (shown in Figure 14).
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Figure 14: Tangential traction versus time at two different positions (bins) along the S2-interface
under shear loading.
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Figure 15: Time evolution of tangential traction averaged over all bins along the interface (top)
and number of non-bcc atoms per unit interface area (bottom) for the X3 interface (see Figure
3) with one initial dislocation in the Fe crystal, under shear loading in opposite directions. To
smoothen the curves the data points are averaged over 10 ps.
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triggers a structure change, the response of the system is modified. This can
depend on the loading direction, and therefore on the resolved shear stress on the
dislocation, as seen for the X1 and X3 interface for which the shear behaviour
is modified by the presence of a dislocation only when sheared in the positive
x-direction.

When the crystals slide along the interfaces by an atomic slip profile of the
upper Fe planes with some changes in the interface structure, the interface can
accommodate the dislocation, either by letting it dissolve in the interface or leaving
it in the interface unmodified, and its presence does not influence the response
along the interface outside the region where the dislocation is accommodated.

As shown in the previous sections a structure change of the interface leads
to a different interface behaviour. The loading direction, the interface, and the
dislocation all determine the structure change. A different structure change leads
to a different interface behaviour.

4. Cohesive law

Subjecting the 11 different interfaces to a shear load shows that the relation
between tangential traction Tt and tangential separation ut is not only interface de-
pendent. It also depends on the shearing direction. Furthermore, the relation can
be modified by impinging dislocations. A cohesive law giving the relation between
tangential traction and separation should therefore capture all these effects.

We find from the simulation results that, without dislocations present, the
relation between Tt and ut can be described in three parts (Figure 16): an elastic
part for separations smaller than the critical separation ucritt , a steady-state sliding
part for separations larger than ust and a quadratic part in between, where the
steady-state sliding behaviour develops:

Tt “
T crit
t

ucritt

ut, for 0 ď ut ď ucritt ,

Tt “
T crit
t ´ T s

t

pust ´ ucritt q2
put ´ ustq

2 ` T s
t , for ucritt ď ut ď ust ,

Tt “ T s
t , for ut ě ust .

(7)

Here ucritt is the separation at which the structure starts to slide, T crit
t is the

corresponding value of the traction, ust is the separation at which steady-state
sliding behaviour is reached, and T s

t is the corresponding sliding traction. For
shearing in the negative x-direction the same relation is found, with negative
values for the tractions and separations. Figure 17 shows the obtained results for
three of the interfaces. In Table B.2 in Appendix B the parameters for the cohesive
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Figure 16: Three possible shapes of the cohesive law (Equation 7) describing the relation between
Tt and ut.
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law are given for all the interfaces and for both shearing directions. This is one of
the principal results of this work.

With dislocations present, as was shown in Section 3.2, it is found that for
several interfaces the structure of the interface changes upon sliding, which results
in a changed relation between traction and separation. When this happens, the
structure changes gradually outward from the dislocation position, not unlike the
fronts of a phase transition. During shearing there will be a part of the interface
which still has the original structure Aorig and a part which has a new structure
Anew. The fraction ξ of changed interface area can be used as a running parameter
representing the progress of the ”phase transition”,

ξ “
Anew

Aorig ` Anew

. (8)

In our current model it is assumed that for the unchanged part of the interface
the original cohesive law Tt derived without a dislocation is still valid. For the
changed part of the interface a different relation between Tt and ut exists, T

new
t .

The overall cohesive law for the changing interface is then given by

Tt “ p1 ´ ξqT orig
t ` ξT new

t , (9)

where T orig
t is now used for the original cohesive law Tt of Equation 7. For those

interfaces where the structure changes by the presence of a dislocation, the bound-
aries between the changed and unchanged parts of the interface are determined
by analysing the number of non-bcc Fe and X atoms in every bin along the inter-
face, since this number changes when the structure changes. The time dependence
then yields the rate of structure change 9Anew. Upon sliding, the initial positions
of the dislocation in the upper and lower crystal move apart, as is schematically
illustrated in Figure 18. When initially the structure of both the Fe and the X
crystal is locally modified at the initial position of the dislocation, one can imagine
that when these two locally modified parts move apart, the structure of the region
in between will also change. As is shown in Figure 18, the part of the interface
with the new structure, Anew, would be then the part in between the initial dis-
location positions in Fe and X and the rest of the interface, Aorig, would stil have

the original structure. 9Anew would then be equal to the sliding velocity, which is
determined by 9ε.

However, the rate of structure change 9Anew is always larger than the sliding
velocity, which is 110 Å/ns for 9ε “ 108s´1. This is shown in Figure 19, where for
the different interfaces 9Anew is shown versus different applied strain rates. From
Figure 19 it can be concluded that the changed part of the interface is not confined
to the region between the dislocation fragments in Fe and X. The structure change
extends outside this region in the negative x-direction for the X1, X2, and X3
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Anew

Aorig

9ε

Figure 18: Schematic representation of structure change at the interface caused by sliding of the
crystals. Once the upper crystal slides with respect to the lower crystal, the locations in the upper
and lower crystal which were affected by the initial dislocation move apart, as is schematically
illustrated by the two parts of the dislocation symbol. Anew and Aorig are the areas of the
changed and original interface structures, 9ε determines the sliding velocity (110 Å/ns).

interface and in both positive and negative x-directions for the S2 interface. The
rate of structure change shows a linear dependence on the strain rate, as indicated
by the dashed curves in Figure 19 which are linear fits to the data. 9Anew, however,
is always larger than the sliding velocity and the dependence on the strain rate is
interface and shear direction dependent.
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Figure 19: Rate of structure change versus applied strain rate for different interfaces. For all
interfaces and strain rates the rate of structure change is larger than the sliding velocity. The
dashed lines are linear fits to the data.

With the change rate as given in Figure 19 the overall tangential traction of
the interface can be calculated with Equation 9 and compared with the actual
obtained traction in the simulations as given in Section 3.2. This is illustrated for
the S2 interface in Figure 20. As can be seen in Figure 20a, the cohesive law as
given in Equation 9 is able to capture the increase in Tt caused by the changing
interface structure. From Figure 20b it becomes clear, however, that for large
separation Tt increases more than the cohesive law predicts. This is caused by the
(artificial) periodicity of the simulation box. When the structure in a large part
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of the interface has changed, the stress in that part has increased. The unchanged
part of the interface then feels the stress field from the changed region from both
sides, due to the periodicity, leading to an increase in Tt in the unchanged part of
the interface and therefore to an increase in the total Tt averaged over the interface.

In this study the focus is only on the interface behaviour during loading. If no
structure change would occur at the interface, the unloading behaviour is expected
to simply follow the cohesive law for the opposite shearing direction. However,
as we have seen that the structure of the interface changes during loading, one
cannot predict the behaviour during unloading with the current cohesive law and
the parameters in Table B.2. Further study is necessary to capture the unloading
behaviour in a cohesive law.

Only for interfaces which slide as rigid blocks without a dislocation, an influence
of the dislocation on the shearing behaviour is seen. In this study only the influence
of one dislocation of the {112}x111y slip system per interface is studied. Since the
dislocation interacts with the interface under an angle, it can be expected that a
different structure change would result for a dislocation of the same slip system
but on a slip plane under a different angle with the interface, and therefore the
interface behaviour would be different. Similarly, a dislocation of another slip
system may cause a different structure change at the interface and therefore have
a different influence on the shearing behaviour. With the current set-up of the
simulations, it is not possible to study the effect of dislocations of the {110}x111y
slip system on the interface behaviour for the interfaces in this study.

With the cohesive law derived in this section the traction-separation relations
of different interfaces under a shear load can be implemented in larger-scale sim-
ulations.
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Figure 20: Tt versus ut for the S2 interface under shearing in the negative x-direction, as obtained
from the simulations and as expressed by the fitted cohesive law, Equation 9. Note that panel
(a) is an enlargement of panel (b).
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5. Conclusions

From the response to a shear load of Fe – X bicrystals with 11 different inter-
faces we conclude that the interfaces can be divided into three different categories:

1. Interfaces along which the crystals slide as rigid blocks, with an equal be-
haviour of Ttputq for shearing in opposite directions, Section 3.1.1. These
interfaces are found to be all those for which the energy of the most occur-
ring realisation is also the minimum energy for the given crystal orientation
relation. These are the interfaces S2, X1, and X3.

2. Interfaces along which the crystals slide following a gradual slip profile of the
atoms in the upper atomic Fe planes, Section 3.1.2. These interfaces show
a somewhat different behaviour of Ttputq for shearing in opposite directions.
These are the interfaces Fe1, Fe3, Fe4, S1, S3, and S4.

3. Interfaces with mixed behaviour, i.e. with crystals sliding as rigid blocks
in one direction and following a gradual slip profile of atoms in the upper
Fe planes in the opposite direction, Section 3.1.3. These interfaces show
a significantly different behaviour of Ttputq for the two opposite directions.
These are the interfaces X2 and X4.

Considering only the interfaces from categories 2 and 3, and comparing only
interfaces with one common crystal orientation, we conclude that, Section 3.1.4,

4. A lower interface energy leads to sliding at a higher tangential resistance.

5. The local atomic density at the interface does not determine the value of the
sliding resistance.

6. A higher number of non-bcc Fe atoms at the interface leads to a higher sliding
resistance.

7. There is no correlation between the number of non-bcc X atoms at the in-
terface and the sliding resistance.

8. A stronger intermixing of Fe and X atoms across the interface, i.e. rougher
surfaces at the interface, leads to a higher sliding resistance.

The influence of an initial dislocation in the Fe crystal just below the interface
depends on the interface type:

9. For interfaces that slide following a gradual slip profile of the atoms in the
upper atomic Fe planes two types of behaviour are observed, Section 3.2.1:
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• the dislocation completely dissolves in the interface and the overall re-
sponse to a shear load is not modified,

• the dislocation stays intact and the overall response to a shear load is
not modified.

10. For interfaces that slide as rigid blocks two different types of behaviour are
found:

• the dislocation moves into the interface, triggers a structure change of
the interface which makes it no longer possible for the crystals to slide
as rigid blocks, and the overall response of the interface is significantly
modified, Sections 3.2.3 and 3.2.2,

• due to the sliding of the crystals the resolved shear stress does not
increase enough for the dislocation to move into the interface, and the
response of the interface is not modified, Section 3.2.3.

We derived a cohesive law to describe the relation between tangential traction
and tangential separation at an interface during shearing.

11. The shear behaviour is described in three parts: an elastic part, a steady-
state sliding part and a part in between, where the steady-state sliding be-
haviour develops.

12. This cohesive law is described by four parameters for every interface and for
every loading direction.

13. The influence of a structure change of the interface triggered by the presence
of a dislocation can be taken into account into this cohesive law by making
it a linear combination of the original relation and the relation found for the
changed structure, depending on the fraction of changed interface area. The
rate of structure change is dependent on the interface, the shear direction
and the strain rate.
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Appendix A. Behaviour of Fe3 interface under a shear load

As described in Section 3.1.2 the Fe3 interface shows a small difference for
shearing in opposite directions. Apart from what was described in Section 3.1.2
there is another reason for this difference. When sheared to the right, as shown in
Figure A.21(top), the Fe3 interface shows a decrease in average tangential traction.
Shearing in both directions leads to a change in interface structure, with only
a small difference in the number of non-bcc atoms Figure A.21(bottom). The
resulting structures, however, are different, as shown in Figure A.22(top). When
sheared to the right a wavy interface structure develops, while when sheared to
the left the surfaces become rough. These different structures result in different
atomic stresses along the interface, as can be clearly seen in Figure A.22(bottom),
where stress concentrations corresponding to the wavy structure are shown. Since
the different bins along the interface move through these stress concentrations at
different moments in time, the standard deviation of the traction increases when
the system is sheared to the right, Figure A.21(middle). The average tangential
traction, as shown in Figure A.21(top), shows only a small deviation from the
tangential traction that results when sheared to the left.
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Figure A.21: Time evolution of the average (top) and standard deviation (middle) of the tan-
gential traction in all bins and the number of non-bcc atoms per unit interface area (bottom)
for the Fe3 interface (see Figure 3) under shear loading in opposite directions. To smoothen the
curves the data points are averaged over 10 ps.
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Figure A.22: Positions of Fe and X atoms (top) and stresses σxz (bottom) at the Fe3 interface
after 2500 ps of shearing in the positive (right) and negative (left) x-directions. In the top panels
atoms in blue are X, atoms in red are Fe. Atoms marked in green formed one vertical plane
before shearing. In the lower panels this plane is marked in purple, and the other atoms are
coloured according to σxz.

Appendix B. Parameters
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Table B.2: Parameters for the cohesive law as given in Equation 7 describing the relation between
Tt and ut for all the studied interfaces. Values for ucrit

t and us
t are in Å, values for T crit

t and T s
t

are in GPa.

positive x-direction negative x-direction
Interface ucritt ust T crit

t T s
t ucritt ust T crit

t T s
t

Fe1 8.08 143.35 2.92 1.95 -3.75 -84.09 -2.64 -1.95
Fe3 2.36 132.67 3.56 2.99 -4.00 -20.91 -3.56 -3.15
Fe4 0.83 0.83 3.03 3.03 -1.49 -14.74 -3.70 -3.07
S1 0.69 82.26 0.86 0.34 -0.29 -0.29 -0.41 -0.41
S2 0.15 2.72 1.24 0.92 -0.14 -6.24 -1.37 -0.92
S3 3.72 5.16 2.71 2.47 -2.04 -28.92 -1.94 -2.80
S4 1.92 6.64 3.08 2.96 -1.58 -11.09 -3.57 -3.10
X1 0.14 0.14 0.02 0.02 -0.12 -0.12 -0.03 -0.03
X2 0.38 0.38 0.19 0.19 -1.78 -13.69 -2.47 -1.52
X3 0.00 0.00 0.01 0.01 0.00 0.00 -0.01 -0.01
X4 2.19 8.17 0.96 1.67 0.00 0.00 -0.06 -0.06
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Data availability

The raw/processed data required to reproduce these findings cannot be shared
at this time due to technical or time limitations.
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