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Diffusion in the aged aluminium film on iron∗
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Metallic coatings of many types can be applied to steel to provide outstanding, long-term corrosion protection. A thin
Al film is studied at an Fe substrate by the molecular dynamics method at temperatures ranging from 300 K to 1173 K. Al
atoms are found to penetrate the Fe matrix at a temperature of 873 K. The potential energy of the system changes step-like
at a temperature of 1173 K. At such temperature mean square atomic displacement significantly changes. The behaviors
of the Al and Fe diffusion coefficients are mainly determined by the temperature dependence of the diffusion activation
energy.
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1. Introduction
Steel is prone to rusting, and thus its surface becomes

unsightly. For this reason, steel is protected by a variety of
methods including metallic coatings. Corrosion is an electro-
chemical process that, in the case of steel, oxidizes the iron
in the steel and causes it to become thinner over time. Oxi-
dation (or rusting) occurs as a result of the chemical reaction
between steel and oxygen. In the case of most low-carbon
steel products, iron oxide (rust) develops on the surface and is
not protective because it does not form a continuous, adher-
ent film. Metallic coatings can be applied to steel in a very
cost-effective manner to furnish the sufficient corrosion pro-
tection. Metallic coatings protect steel in two principal ways.
Firstly, like paint, they provide barrier protection, and sec-
ondly, they give galvanic protection in most instances. Alu-
minum provides good barrier protection for steel sheets. Like
steel and zinc, aluminum reacts in air to form an oxide film
on its surface. However, in contrast to the behavior of iron
oxide, and similar to what happens with zinc, the aluminum
oxide film stays intact. The Al2O3 layer acts as a very tightly
adhering film on the surface of aluminum. By preventing fresh
aluminum from exposing to air and moisture, this intact film
stops further corrosion of the underlying aluminum. The oxide
behaves as a stable non-corroding film, rendering the surface
passive in most environments. In total, metallic coatings such
as Al can be applied to steel very cost-effectively to provide
outstanding, long-term corrosion.

Al, as with the majority of other metals, is not corrosion-
resistant according to a number of reasons: humidity may re-
main within the substrate, bad welding or incorrect contact
with other metals. Al–Mg and Al–Mn alloys demonstrate
good corrosion resistance. Extra pure Al (> 99.9% Al) has the
best anticorrosion properties. The corrosion resistance proper-

ties of alloys abruptly decrease when other metals, especially
Cu and Fe, are added. Al protective coatings are applied in dif-
ferent ways on steel, cast iron, copper, titan and brass. For in-
stance, in the alitizing process, when steel is placed into liquid
Al, diffusion processes result in the formation of solid Al–Fe
compounds at the surface of steel. Near the liquidus temper-
atures of Al–Fe alloys (3.5–10 at% of Fe) the Al3Fe crystal
sedimentation and their following melting were observed.[1]

A chemical compound of two or more metals (intermetallide)
has a set ratio between the components.

Intermetallic compounds are of great interest due to their
high-temperature strengths, low densities, and high creep
resistance.[2,3] However, intermetallides are not widely used
because of their brittleness at room temperature.[4] The ad-
dition of plastic metallic phase into intermetallide provides a
good combination of strength and impact resistance. Prop-
erties of such compounds are functions of intermetallic layer
thickness, structure, and sequential location in high-strength
matrix. There is a reactive diffusion between the alternately
placed layers of two different metals. The intermetallide layer
at the interface grows during annealing. To optimize such
properties as impact resistance and strength, it is vital to un-
derstand the diffusion process kinetics. Nowadays there is a
lack of data on solid body diffusion in the Al–Fe system.

Properties of a solid material and mainly its structure are
determined by the liquid alloy solidifying process. For in-
stance, properties of light Al-based alloys change, depending
on the casting temperature condition.[5] The diffusion coef-
ficient D is important for understanding the solidifying pro-
cesses, including crystal growth[6] and glass formation.[7] The
diffusion coefficient D of even liquid Al is hard to detect exper-
imentally. The capillary tube method is usually used to mea-
sure directly the diffusion coefficients in liquid alloys. This
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method requires an isotope to be used as an indicator. The
effect of a convective flow existing along the profile of dif-
fusion during annealing may lead to severe overestimation of
value D. In addition, no radioactive isotope is available for
aluminum. The present work is aimed to study the diffusion
process with Al contacting Fe, to analyze the temperature in-
fluence on the process and to evaluate Al protective properties
for steel construction.

2. Computer model
Al and Fe cubic cells vertically located one on another

with a contacting face (100) serve as an original simulation
configuration. In addition, the minimum distance between
Al and Fe atoms is equal to an average distance between the
atoms in Al and Fe crystals. The top cell contains 864 Al
atoms, packed into a face-centered cubic lattice. The bottom
cell contains 1024 Fe atoms which occupy sites in a body-
centered cubic lattice. The calculations are carried out in par-
allel for 5 temperature values in a range of 300–1173 K. The
equations of motion are integrated by the fourth-order Runge–
Kutta method in time steps of ∆t = 10−16 s.

Aluminum is characterized by superb corrosion resis-
tance and applicability, high thermal and electrical conductiv-
ities but low mechanical properties. Aged aluminum has rela-
tively poor fatigue properties compared with the other metals
due to metastable structure under cyclic stresses. We aim to
determine the self-diffusion coefficient in an aluminum coat-
ing exposed to strong periodic stress during operation. In this
case, the artificial aging of the material may be performed by
using cyclic loads. Maximum cyclic loading σ0

zz in the axial
direction achieves 300 MPa. Actually, the experimental ax-
ial elastic limit observed in Ref. [8] is ∼ 210 MPa, while the
equivalent shearing one is only ∼ 140 MPa. In this work the
external axial load is in the following form:

σzz = σ
0
zz sin(ωt), (1)

with the period of 1 ps. We use 10 load cycles of constant
amplitude. Cyclic stress in the aluminum film is produced by
applying a periodic force field fz. The procedure for creating
the external cyclic load is disconnected after 10 ps and the cal-
culation continues. Here we do not consider the formation nor
the structure of cracks in detail because our aim is to study
the behaviors of aged aluminum film on iron at low and high
temperatures.

The Al crystal is found to crack, the upper part of the crys-
tal almost separates from the thin crystalline Al film, which
remains at the Fe substrate, at the temperatures of T ≤ 873 K.
The brittle Al crystal cracks because Al atoms are pulled by
Fe atoms, the differences in interatomic distance and asyn-
chronous vibrations of atoms in different subsystems. Then

the separated upper part of the Al crystal is removed from each
system. From 127 (300 K) to 144 (873 K) Al atoms remain at
the Fe substrate. A new calculation launched after the upper
Al crystal part removal lasts 107 time steps (1 ns) at each tem-
perature. No visible separation of the Al crystal is observed
at the temperature of 1173 K after calculating under the cyclic
load during 10 ps. The calculations at this temperature are per-
formed for the whole system comprised of 1888 atoms (864
Al + 1024 Fe), the calculations length is 2 ns. In all cases
the periodic boundary conditions (PBC) function only hori-
zontally. The highest and the lowest system boundaries have
free boundary conditions.

The Finnis–Sinclair (the generalized EAM) potential is
used to describe Al–Al, Fe–Fe, and Al–Fe interactions.[9] It is
justified from the viewpoint of electron theory of solid body.
The total energy of an atom i is given by

Ui = Fα

(
∑
j 6=i

ραβ (ri j)

)
+

1
2 ∑

j 6=i
φαβ (ri j), (2)

where F is the embedding energy which is a function of the
atomic electron density ρ , ρ is a function specific to the atomic
types of both atoms i and j, so that different elements can con-
tribute differently to the total electron density; φ is a pair po-
tential interaction; α and β are the element types of atoms
i and j, respectively. The multi-body nature of the Finnis–
Sinclair potential is a result of the embedding energy term.
This potential takes into account the temperature effects au-
tomatically because ρ is a function of temperature according
to definition. Potential parameters for Al–Fe system are taken
from Ref. [9].

A simplified model of the diffusion of atoms in any crys-
tal is as follows: at low temperatures an atom moves according
to a common diffusion–vacancy mechanism, whereas at high
temperatures a collective diffusion is possible.[10] The differ-
ence in energy Ea = E∗−E0 between the initial state of the
atom E0 and its energy in the saddle point E∗ is defined as the
activation energy of moving atom. Usually the basic state is
considered to be that at a zero temperature, in crystal it is the
node of ideal crystalline lattice. The value Ea is determined
as a difference between the maximum and minimum poten-
tial energies of the whole system in the case where an atom
moves from one interstitial site to another. The energy E∗ has
a stochastic nature. A diffusion coefficient of the atom in crys-
tal may be presented in the following form:[11]

D = D0 exp
(
− Ea

kT

)
, (3)

where D0 is the constant independent of temperature T and k
is the Boltzmann constant.

The energy Ea may be defined according to

Ea = Ē +Ef−E0, (4)
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where Ē is the average system energy at temperature T , Ef

is the energy fluctuation swing, and E0 is the energy of this
system at T = 0 K.

In liquid or gas medium, the coefficient D is calculated
according to the change of atom location in three-dimensional
spatial coordinates by using the following Einstein’s equation:

D = lim
t→∞

1
6t

〈
1
N

N

∑
i=1

[𝑟i(t)−𝑟i(t0)]
2

〉
, (5)

where 𝑟i is the radius vector of the atom i and the angle brack-
ets denote averaging over the initial time t0.

The diffusion barrier for carbon atoms in Fe, for exam-
ple, in a temperature range of 600–800 K is 0.77–0.90 eV
(molecular dynamic (MD) calculation), which is in agreement
with the calculation by using the density functional theory
(0.86 eV).[12] At 400 K, D is equal to 4.47× 10−17 m2/s ac-
cording to MD calculations.[13]

For a detailed analysis of the structure of the Fe subsys-
tem, the method of statistical geometry is employed. Voronoi
polyhedron (VP) is constructed for each from 500 atoms of
Fe placed closest to the center of mass of the MD cell. Con-
structing these polyhedra is possible in the least–populated
half space where at least one atom exists. The polyhedra are
defined by atom coordinates written in every 10000 time steps.
In total, 500000 polyhedra are constructed.

Fig. 1. General view of the Al film (light image) on the steel rod (dark
part at the bottom) obtained by the electrolytic alitizing and annealing.

A steel electrode requires the Al coating for protecting the
aggressive environment which causes Fe to corrode. Alitizing
and electrolytic alitizing are general methods used to coat Fe
with the Al film. Irrespective of the Al film formation tech-
nique, the pre-Fe surface should be cleaned off the oxide film.
The annealing is performed to strengthen the Al film coating
on the steel construction. This results in the interdiffusion of
metal atoms, thereby forming a diffusion layer and an inter-
metallide layer. Figure 1 demonstrates the Al film on a steel
rod. The image is obtained by using the NEOFOT 32 micro-
scope. The coating is formed by the electrolysis at T = 1193 K

with the following annealing.[14] Al (light spot in Fig. 1) in the
form of separate dendrites penetrates Fe lattice, and Fe pene-
trates inside the Al coating (dark blotches and darkening the Al
surface, facing the Fe substrate). Through such a joint, the Al
film is firmly fixed on the Fe substrate. The Al melting point
(T Al

m = 933 K) is much lower than that of Fe (T Fe
m = 1808 K).

Calculations are performed by using the hybrid computer clus-
ter “URAN” (Institute of Math and Mechanics UB RAS) with
a peak capacity of 216 Tflop/s and 1864 CPU.

3. Results
Figure 2 illustrates the “Al film at Fe substrate” system

configuration after 107 time steps obtained for the tempera-
tures of 300 K and 873 K. Al film at Fe substrate has a crys-
talline structure at 300 K. However, there are sites occupied by
Fe atoms in the Al atoms rows.
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Fig. 2. “Al film at Fe substrate” system configurations obtained at the
time moment of 1 ns and temperatures: (a) 300 K and (b) 873 K. The
atoms coordinates are presented in angstroms.

Sometimes Fe atoms integrate into the Al lattice in the
form of quite long non-linear chains. The Al atoms penetrate
the Fe lattice mostly at short distances. But along the crystal
edges and some faces of the MD cell the Al atoms penetrate
into Fe much farther up to two interatomic distances. At 873 K
the Al atoms do not totally occupy the top face of the MD
cell and the film has an irregular structure. Only separate re-
gions with locally ordered structures remain. A top plan view
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demonstrates the presence of twisted chains and cyclic forma-
tions from the Al atoms. Single Fe atoms and Fe atom groups
appear at the Al film surface. There is a surface melting of the
iron where clusters of Fe atoms and sparse areas are observed.
The top face of the MD cell has a convex form. Some individ-
ual Al atoms move along the faces of the MD cell at distances
comparable to its edge.

The temperature dependence Utot(T ) of Al film at Fe sub-
strate system potential energy is illustrated in Fig. 3. The
monotonic increase of the energy Utot is seen until T = 873 K.
The Utot energy increases sharply in a range between 873 K
and 1173 K. Such a behavior of the Utot(T ) function justifies
the presence of phase transition in the system. A dashed line in
Fig. 3 denotes the asymptotic extension of the Utot(T ) function
to the low-temperature region. The point of contact between
the function extension and the Y axis provides the U0 value,
which corresponds to the value of potential energy Utot at ab-
solute zero. The temperature difference Utot−U0 is defined as
the activation energy of the defect formation in Fe matrix and
Al crystalline film. The inset shows the time change in energy
Utot at T = 300 K. It is seen that the equilibrium of the system
is reached at the time moment of 0.4 ns.
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Fig. 3. Temperature dependence of the “Al film at Fe substrate” sys-
tem potential energy. Dashed line denotes a linear approximation of the
Utot(T ) function to T = 0 K. The insertion presents the time change in
the system potential energy at T = 300 K.

The Fe substrate structure in the transition region α → γ

is studied using the static geometry method. Figure 4(a)
presents angular distributions (θ -distributions) of nearest ge-
ometric neighbors of the Fe-subsystem at 873 K and 1173 K.
The angles θ formed by a pair of the nearest geometric neigh-
bors with the central particle, that is, the particle around
whose center a VP is constructed, are distributed in the in-
terval [0, 180◦]. We consider the absolute values of these
angles. The locations of three main peaks (at 60◦, 72◦, and
126◦) of the θ -distribution at T = 873 K are in good agree-
ment with the positions of basic peaks in analogous distribu-
tion for a body-centered cubic crystal.[15] At the same time a
wide domed–shape angular distribution at T = 1173 K corre-
sponds to the analogous θ -distribution for a disordered lattice,

which was obtained at the two-component face-centered crys-
tal destruction.[16] The distribution of faces on the number of
edges, m, is provided in Fig. 4(b). At 873 K tetragonal faces
dominate in m-spectrum of the Fe subsystem, i.e., the system
has symmetry of order 4. At 1173 K a wide m-distribution
is obtained for this system, i.e., 5- and 6-edged faces are the
most frequently observed. To specify the predominant struc-
ture type (regular or irregular) at 1173 K the heat noise is fil-
tered at the statistic-geometry analysis. Small-scale thermal
fluctuations in the VP are prevented by eliminating the edges
each with a length of l < 0.5l̄, where l̄ is an average size of the
VP edge length. This procedure is usually accompanied by
the exclusion of small faces in the VP. The insert in Fig. 4(b)
demonstrates the Fe subsystem m-distribution after eliminat-
ing small edges. The tetragonal faces are seen to dominate for
such a distribution, i.e., there is a large possibility of a crys-
talline phase formation in the Fe subsystem.
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Fig. 4. Angular distribution of nearest geometric neighbors, and (b) dis-
tribution of faces on the number of the polyhedron sides in Fe subsystem
at temperatures of 873 K and 1173 K. The insert presents m-distribution
of faces at 1173 K when edges each with a length of l < 0.5l̄ were ex-
cluded.

Figure 5 demonstrates the evolutions of the Al and
Fe mean square displacements at 873 K and 1173 K. The〈
(∆r)2

〉
(t) function represents a typical time dependence for

a solid body at 873 K, i.e., the function has a growth region
with a continuous decrease in the angle with respect to the
time axis, which topples to a “plateau”. Further increasing
temperature 1173 K leads to the formation of the

〈
(∆r)2

〉
(t)

time dependence with an increasing inclination which even-
tually reaches a constant value. Such dependences usually
characterize a non-equilibrium state of the system appearing
during the phase transition but they can also describe a liquid
state. The diffusion coefficient D values of Fe and Al atoms
which are calculated according to the

〈
(∆r)2

〉
(t) inclination
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to the time axis at 873 K and 1173 K are 3.3×10−13 m2/s and
7.8×10−13 m2/s, correspondingly. The analogous D determi-
nation at lower temperatures under consideration is associated
with a large uncertainty due to the “plateau”.
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Fig. 5. Mean square atomic displacements of Al and Fe atoms at the
temperatures of 873 K and 1173 K.

Due to a short observation period of the system during
MD simulations as compared with that of the physical experi-
ment, it appears impossible to trace a real diffusion (the move-
ments of atoms in the lattice on the distances comparable to
interatomic ones) in crystal even at high temperatures. It is
possible to determine only a local atomic mobility at a de-
sired temperature but not the diffusion coefficient. This is why
a real diffusion for the metal crystal with long-range interac-
tions should be described by considering the diffusion acti-
vation energy. It is impossible to study such a diffusion in
a general MD crystal model. To describe the real diffusion
we use the experimental value Ea. The radioactive Fe diffu-
sion is measured for both monocrystals and polycrystalline Al
samples at a temperature interval of 793 K ≤ T ≤ 933 K.[17]

The log[D](T ) dependence obtained for Fe in Al crystal is
presented by curve III in Fig. 6. Curve IV in Fig. 6 shows
the assessed values of log[D] for Fe in Al foil in a temper-
ature interval of 773 ≤ T ≤ 873 K.[18] One of our calcu-
lations (T = 873 K) is executed within the temperature in-
terval studied in Ref. [16]. We adopt Ea = 0.8787 eV and
D = 3.07×10−14 m2/s at T = 873 K, and these values of dif-
fusion coefficient and activation energy are given in Refs. [17]
and [18], respectively. We determine the value of D0 accord-
ing to relation (3). Then considering Ef to be a constant,
the temperature corrections to the Ea value are found by us-
ing MD calculations: ∆Ea = Ūtot(T )− Ūtot (873 K). Curve I
in Fig. 6 demonstrates the above described log[D](T ) depen-
dence. Curve II illustrates the analogous dependence which is
obtained at a constant value of the Ea activation energy cor-
responding to 873 K. Point 5 denotes the log[D] value of Fe
atoms at T = 1173 K calculated by using MD simulation. The
value is seen to be lower than that predicted by the curve I, but
this value accords well with the value determined by the curve
II. Note that there is close agreement between curve I and the

log[D](T ) experimental dependence in the region of D deter-
mination in work.[17] Curves I and II closely pass through the
temperature interval of log[D] determined in Ref. [18]. The
temperature dependence of the activation energy Ea strongly
affects the log[D] value, especially at T = 300 K, where the
difference between the values determined by using curves I
and II is 10 orders of magnitude. Al atoms diffusion in Fe ma-
trix is characterized by a diffusion coefficient approximately
twice larger than that of Fe atoms in Al film according to the
mass ratio mFe/mAl ≈ 2. According to the scheme of the dif-
fusion process shown in Fig. 6 the graphics for Al and Fe co-
incide.
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Fig. 6. Fe atoms diffusion in log[D]–T coordinates.

4. Discussion
The efficient fuel utilization requires a significant de-

crease in steel usage in the motor industry. Due to the fact that
steel has a large relative density it is unusable in aviation. The
creation of steel alloy with a light metal can solve the problem.
Al as well as Fe (a basic steel component) is a widespread and
cheap metal. However, the Fe–Al–C alloy is too brittle. The
manganese addition significantly improves properties of alu-
minium steel but nevertheless it remains unusable in vehicle
production.

The Al-based intermetallic phases Fe3Al and Ni3Al are
referred to as structural materials and coatings for high-
temperature applications. They demonstrate high corrosion
resistance due to the formation of a dense aluminium oxide
film. Aluminium oxide, especially α-Al2O3, provides a low
oxidation rate even at temperatures above 1273 K.[19] Unlike
chromium, which is present in conventional stainless steels
and alloys based on nickel, aluminum oxide does not evap-
orate above 1273 K. It is also stable in the oxygen-depleted
atmosphere. Nickel–graphene and aluminium–graphene films
have even higher thermal stability.[20,21]

The present study provides a complete outlook of the ki-
netic changes observed in the physical experiment.[18] The
experiment[18] aimed at the following. The aluminum foil
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sandwiched between two sheets of steel after a thorough clean-
ing of surfaces was rolled up at 773 K. The tied rolls were
annealed at different temperatures for various times to synthe-
size Al–Fe intermetallide layer. Then the samples were placed
into the epoxide resin and cut perpendicularly to the reaction
surface, they were polished and analyzed under the optic mi-
croscope to determine the thickness values of Al, Fe and alu-
minide layers. The XRD image analyses distinctly demon-
strate the presence of the Fe2Al5 phase. It appears possible to
control the aluminide phase growth. The activation energy of
the Fe2Al5 layer growth is 0.8787 eV. The calculated coeffi-
cient of Fe and Al interdiffusion through the Fe2Al5 layer is of
the order of 10−14 m2/s.

The Einstein relation (5) does not permit calculation of
the self-diffusion coefficient in the metal crystals in MD model
with an adequate accuracy. We can judge this according to the
form of curve 1 in Fig. 6. However, using experimental data
it is possible to widen significantly the temperature interval in
which the D value is determined for solid metal. Figure 6 illus-
trates that the diffusion activation energy has a determinative
influence on D value. All in all the self-diffusion characters
observed in the specimen under the microscope and calculated
using MD simulation are identical. When Al is in a solid state,
the diffusion of light Al atom into Fe matrix is more intensive;
but when Al is completely molten (at T = 1173 K), a large
number of Fe atoms easily penetrate Al melt. Due to the fact
that Fe remains solid at T = 1173 K, the diffusion of the Fe
atoms into the aluminum prevails over the diffusion of the Al
in the iron.

5. Conclusions
The MD simulation is used to study the diffusion layer

formation during the Al film heating at Fe substrate. The
atomic diffusion of a lighter metal has a form of separate sharp
“bursts”, whereas Fe heavy atoms move into Al lattice in a
wide wave-like front. This accords with the experimentally
observed penetration of Al atoms into Fe substrate. A thin
Al film, left at the Fe surface, almost all spreads out over the
top and side surfaces of the MD cell at T = 873 K. Part of

the Al atoms diffuses into the Fe matrix volume. Diffusing
Fe atoms appear at the Al film surface in the form of chains
and small islands. The potential energy of the whole system
monotonically increases up to T = 873 K. When the tempera-
ture reaches 1173 K the mean square displacements of Al and
Fe atoms change their behavior from the typical characteristic
of a solid state to that of a liquid one. The diffusion coef-
ficients of Fe and Al atoms determined in the present work
deviate from the parabolic dependence in the T–log[D] coor-
dinates at high temperatures (T > 873 K), which is probably
due to the presence of structural transition in the Fe matrix at
T = 1173 K. At the temperatures of T < 1173 K the diffusion
of Fe atoms into the Al film is controlled by interatomic forces
in Fe, keeping the Fe atoms localized in the cells formed by
the nearest neighbors.
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