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Nonlinear diﬀusion, bonding, and mechanics of
the interface between austenitic steel and iron†
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We investigate the atomic diﬀusivity and mechanics of the interface between bulk austenitic steel (fcc structure)
and bcc iron at various temperatures and strain rates using molecular dynamics simulations. We adopt the
system of Fe74Cr16Ni10 corresponding to 316L steel as a representative model of austenitic steels, denoted as
FeCrNi. We find that the compressive strength of the FeCrNi/Fe system decreases by 44.3% and the
corresponding strain decreases by 7.2% when the temperature increases from 1500 K to 1800 K. The
temperature enhances nonlinearly the diﬀusion of interfacial atoms and improves the cohesion of FeCrNi/Fe
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by forming a thicker diﬀusion layer, of which the thickness increases by 56.3% when the temperature
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However, the thickness of the diﬀusion layer decreases by 33.3% when the compressive strain rate increases

rsc.li/pccp

from 1  109 s1 to 4  109 s1. Our study sheds light on the atomistic mechanism of the interfaces of
bimetals and might be helpful in optimizing the process of the fabrication of bimetal composites.

increases from 1600 K to 1700 K, and by nearly 48% when the temperature increases from 1700 K to 1800 K.

Introduction
Bimetallic composites are widely used in aerospace, machinery,
chemical, power and electronics industries due to their superior
properties including strength, corrosion resistance, electron conductivity, and thermal conductivity. The interface of bimetallic
composites has also become one of the important research areas
of metal composites because the microstructure and strength of
the interface of bimetallic composites are key factors influencing
the composite’s quality and properties. Both experimental and
numerical methods are used to investigate bimetallic interfaces.
For example, the experimental method was adopted to observe
and analyze the microstructure of the interface.1,2 For numerical
modeling, a binding model or cohesive model was adopted to
simulate the interface.3 Despite these eﬀorts, a clear cohesion
mechanism of the diﬀerent metals is still lacking. The prediction
of the bonding strength of the interface is desirable. An atomistic
model with two metals forming an interface is indispensable to
study the cohesion mechanism of the interface.
Despite extensive studies on both single crystals4–13 and
bi-crystals,14–21 the aforementioned simulations are carried out
on a pure metal phase, i.e. a single element in one structure. Few
studies have been reported on two kinds of alloys at high
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temperature with multiple elements within one alloy. To the
authors’ best knowledge, no attempt has been made to simulate
the interfaces, especially the cohesion mechanism, of austenitic
steels and ferritic steels, due to the complexity of the problems.
We are particularly interested in the common commercial 316L
steel (austenitic) and Q345R carbon steel (ferritic) owing to their
balanced mechanical properties, corrosion resistance, and attractive price. However, it is a great challenge to perform the accurate
modeling of their interfaces. Part of the reason might be the fact
that various kinds of elements (the details are shown in Table S1
in the ESI†) are present in both 316L and Q345R, presenting a
great challenge in atomically modeling 316L and Q345R in the
same simulation system. Creatively and for the first time, we
adopt the system of Fe74Cr16Ni10 corresponding to 316L steel as a
representative model of austenitic steels, denoted as FeCrNi. The
other components in 316L stainless steel are ignored because they
have trivial effect on the mechanical properties owing to their low
concentration. We model the Q345R steel as pure Fe because Fe is
the predominant element with over 98 at%. The mechanical
properties and diffusion behaviors, and the effect of temperature
and compression strain rate on the compression mechanism and
interfacial diffusion have been comprehensively investigated
using a FeCrNi/Fe model.

Methodologies
Atomic model of the FeCrNi/Fe interface
The preparation for the initial configurations of the atomic
FeCrNi/Fe model consists of three steps. First, pure Fe with a
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need to be defined: jFe, jCr, jNi, FFe, FCr, FNi, VFeFe, VCrCr, VNiNi,
VFeCr, VFeNi, and VCrNi. The parametrization and the fitted
parameters are from these literature studies.22,23
To make sure that this potential can aﬀord the hightemperature study in this report, this potential has been used
to measure the melting points of Fe and Fe74Cr16Ni10, respectively.
As detailed in the ESI,† the melting point was 1868 K for Fe and
2123 K for Fe74Cr16Ni10. Obviously, this potential can aﬀord the
high-temperature (1500 K–1800 K) study in this report.
Uniaxial compression loading

Fig. 1 Initialization configuration of the FeCrNi/Fe model (the top layer is
Fe and the bottom layer is FeCrNi; : Fe atom in the Fe, : Fe atom in the
FeCrNi, : Cr atom in the FeCrNi, : Ni atom in the FeCrNi). For the
remainder of this paper, the Fe atoms in the Fe are referred to as cFe
(Fe in carbon steel), and the Fe atoms in the FeCrNi are referred to as sFe
(Fe in stainless steel).

BCC crystal structure is built. Second, the atoms of FeCrNi are
randomly positioned at the FCC crystal structure according
to the concentration proportion. Finally, the two separated
models, Fe and FeCrNi, are placed together inside a simulation
box with dimensions of 13.5(X)  13.5(Y)  27(Z) nm3. The
contact surfaces of Fe and FeCrNi are both on (0 0 1) planes,
as shown in Fig. 1. There are 355 023 atoms in this model, with
172 773 atoms in Fe and 182 250 atoms in FeCrNi.
Molecular dynamics simulations
The molecular dynamics (MD) method has been well established
over the last several decades and becomes an indispensable tool
for various investigations.13 The first-principles calculation based
empirical embedded atom method (EAM) potential was adopted
in MD simulations throughout this study.22,23 The total EAM
energy E can be expressed as a multi-body potential energy
function in the following form
N
N
  X
1X
E¼
fa;b rij þ
Fti ðri Þ
2 i;j¼1
i¼1

(1)

jai

where f(rij) is the short-range pair energy which is defined as a
function of the interatomic distance rij between atoms i and j.
F(ri) is the embedding energy which is dependent on the local
electron density, ri. Here N represents the total number of
atoms in the system, and a and b denote element types of
atoms i and j. And the local electron density around atom i,
contributed by its neighbours, is given as
ri ¼

N
X

 
jtj rij

(2)

j¼1

There are four regions in our model. As shown in Fig. 1, fixed
layers contain three layers of atoms at the top of Fe and the
bottom of FeCrNi, respectively. The initial thermal velocities of
atoms follow the Maxwell distribution. Periodic boundary conditions are implemented in the x and y directions. The velocityVerlet algorithm24 is applied to integrate the motion equation
for the atoms in the structure with a constant time step of
1  1015 s. In order to ensure the interface combination at
high temperature, before compression loading, the system is
relaxed suﬃciently to obtain an equilibrium state at 1500 K
with the isobaric–isothermal (NPT) ensemble. After relaxation,
the system is uniaxially compressed at a constant strain rate of
loading along the z direction of about 3.0  109 s1.
In order to study how the temperature and strain rate aﬀect
the compression process and interfacial diﬀusion, eight sets of
simulations have been carried out. As shown in Table 1, there are
four models uniaxially compressed at a constant strain rate of
3.0  109 s1 with four temperatures (1500 K, 1600 K, 1700 K and
1800 K), and another four models uniaxially compressed at 1500 K
with four strain rates (1.0  109 s1, 1.5  109 s1, 3.0  109 s1
and 4.0  109 s1). All molecular dynamics (MD) simulations are
performed by using LAMMPS.25 OVITO26 visualization software
was used to visualize the atomic structures, generate simulation
snapshots, and carry out dislocation analysis (DXA).27

Results and discussion
Stress–strain curve under uniaxial compression
The uniaxial compression process for FeCrNi and Fe has been
discussed in detail at a temperature of 1500 K with a constant
strain rate of 3  109 s1. The compressive stress–strain curve
in this process is shown in Fig. 2. Coherency strains naturally
develop in both layers because of the lattice mismatch28,29
between FeCrNi and Fe when creating the structure with a
coherent interface. Therefore, the stress at the initial stage of
this process fluctuates around zero. Then the stress from point
a to point c shows a linear increase when the strain increases.
The maximum stress is 4.74 GPa when the strain at point c

Table 1

Compression conditions of diﬀerent models

jai

Models

where j denotes the electron density function of the considered
element. Thus, for the FeCrNi ternary system, twelve functions
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1500 1600 1700 1800 1500 1500 1500 1500
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1
1.5
3
4
strain rate (109 s1) 3
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Fig. 2 Stress–strain curve (red line) and total dislocation length (blue line)
at 1500 K, where points a to f in the stress–strain curve correspond to the
strain values of (a) 0.08, (b) 0.11, (c) 0.16, (d) 0.19, (e) 0.25 and (f) 0.30,
respectively.

reaches 0.16. After the apex, the stress value from point c to
point d decreases rapidly. Then the values of compressive stress
decrease from point d to point f until the strain reaches 0.3 at f.
We examine the atomic structures at the diﬀerent stages
during the compression process. As shown in Fig. 3(a–c), no
apparent interfacial diffusion takes place with strain up to 0.08.
However, the atoms in FeCrNi and Fe have diffused gradually
into their opposite side in Fig. 3(d–f). In addition, the structure
near the interface begins to exhibit an amorphous structure as
the strain increases beyond 0.19.
In order to understand the compression mechanism of
FeCrNi/Fe, the dislocation evolution is examined based on
the dislocation extraction analysis. The dislocation structures

Paper

at various strain stages during the compression process are
shown in Fig. 3(g–l). The dislocation multiplication and
dislocation tangle are evident in Fig. 3(g and h). These phenomena
indicate that the total dislocation length increases until the strain
reaches 0.11. However, the total dislocation length decreases when
the strain goes beyond, Fig. 3(i) to Fig. 3(l). As shown in Fig. 2,
the total dislocation length has a positive correlation with the
stress–strain curve. This could be understood as follows.
The dislocation multiplication and dislocation tangle resulted
in high-density dislocations and created new barriers to dislocation slip. Therefore, a greater compressive stress is required
for further plastic deformation. Then the total dislocation
decreases in Fig. 3(i–l) because the aggravating amorphization
occurs in both FeCrNi and Fe with the strain increasing at high
temperature. In addition, the dislocation mainly occurs in the
Fe layer from Fig. 3. According to Fig. 3(g), it can be concluded
that the plastic deformation begins before the strain 0.08 in Fe
while FeCrNi is still in the elastic deformation stage. Thus, the
stress–strain curve presents a linear increase with increasing
strain in the initial deformation stage (e o 0.16).
The temperature has a great influence on the compression
process of the FeCrNi/Fe system. The stress–strain curves and
total dislocation length variation at temperatures of 1500 K,
1600 K, 1700 K and 1800 K are illustrated in Fig. 4(a). The
snapshots of interfacial diffusion at various temperatures are
illustrated in Fig. S1 in the ESI.† A higher compression temperature results in a lower compressive stress. The stress–strain
curves at each temperature show a similar trend. The fluctuating stress gradually increases during the elastic stage and
decreases rapidly after the stress reaches its maximum value
when the strain increases. During the compression process of
FeCrNi and Fe at high temperature, the compressive strength of

Fig. 3 Snapshots of the FeCrNi/Fe model (a–f) and total dislocation length evolution (g–l) at various stages of uniaxial compression. The strains are 0.08,
0.11, 0.16, 0.19, 0.25 and 0.30, respectively. Dislocation segments were extracted by DXA, colored by the magnitude of the Burgers vector. The green line
represents a Shockley partial dislocation, and the red line represents other dislocations. The total dislocation length is 3067 Å, 10 078 Å, 2748 Å, 2583 Å,
2413 Å, and 2960 Å for g–l, respectively.
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Fig. 4 Stress–strain curves and total dislocation length variation at
different temperatures and stain rates, (a and b) exhibit stress–strain
curves; (c and d) exhibit total dislocation length variation.

the FeCrNi/Fe system decreases by 44.3% and the corresponding strain decreases by 7.2% when the temperature
increases from 1500 K to 1800 K. The maximum stress of the
FeCrNi/Fe system reduced, and the maximum stress point
followed in advance at the same time when the temperature
increased from 1600 K to 1800 K (Fig. 4(a)). For example, the
maximum stress value reduces by 17.6% and the corresponding
strain reduces by 0.91% as the temperature increases from
1600 K to 1700 K. Upon increasing the temperature from 1600 K
to 1800 K, the maximum stress value decreases by 33.5% and
the corresponding strain increases by about 10.1%. The temperature enhances plasticity and promotes the combination of
FeCrNi and Fe. A higher compression temperature results in a
lower total dislocation length in Fig. 4(c). The higher degree
of amorphization at a higher temperature leads to a decrease
of the total dislocation length.
Strain rate is an important factor regarding the dynamical
behavior of a system. The eﬀect of strain rate on the compression process has also been examined. The stress–strain curves
obtained at four different compression strain rates at a temperature of 1500 K are shown in Fig. 4(b), which are 1  109 s1,
1.5  109 s1, 3  109 s1 and 4  109 s1. The snapshots of
interfacial diffusion at various strain rates are illustrated in
Fig. S3 in the ESI.† The strain–strain curves at different strain
rates are in coincidence at the initial deformation stage.
The maximum stress value is about 4.7 GPa and occurs near
the strain of 0.16 when the strain rate is 1  109 s1, 1.5 
109 s1, 3  109 s1 and 4  109 s1. Then the stress–strain curve
decreases rapidly when the strain exceeds the maximum stress
point. However, the stress–strain curve decreases slightly slowly at
a higher strain rate. Finally, the stress value decreases until the
strain reaches 0.3. As shown in Fig. 4(d), a higher compression
strain rate results in a lower total dislocation length.
Diﬀusion across interfaces
We observed an atomic diﬀusion near the interface between
FeCrNi and Fe during the compression stage. The diﬀusion
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Fig. 5 The thickness of the diﬀusion layer (a) and MSD (b) as a function of
time at 1500 K with a constant strain rate of 3  109 s1; (c) atomic
concentration distribution of position Z at 1  1010 s (snapshots of the
FeCrNi/Fe model at 0 s, 3.3  1011 s, 6.6  1011 s and 1  1010 s are also
shown, in which the diﬀusion layer is marked in grey).

layer specifies that the atomic concentrations of both FeCrNi and
Fe along the compression direction (Z axis) are more than 5%.15,20
The thickness of the diﬀusion layer as a function of time at 1500 K
is shown in Fig. 5(a). The thickness of the diﬀusion layer gradually
increased to 6.5 Å. Fig. 5(b) shows the mean square displacement
(MSD) as a function of time for sFe, Cr, Ni and cFe, which clearly
manifested that FeCrNi was more diﬀusive. By using the Einstein
relation,30 it was possible to find the diﬀusivity of a particular
species from its time vs. MSD plot. The diﬀusivity of sFe was
found to be 6.7178  1010 m2 s1. The diﬀusivity of Cr was found
to be 6.9745  1010 m2 s1. The diﬀusivity of Ni was found to be
6.5144  1010 m2 s1. The diﬀusivity of cFe was found to be
5.1133  1010 m2 s1. Obviously, the diﬀusivity of Fe in carbon
steel was smaller than that of Fe, Cr and Ni in stainless steel.
Therefore, the main phenomenon that occurred was the diﬀusion
of 316L into Q345R. Meanwhile, the diﬀusivity of Cr was higher
than that of Ni in stainless steel. Therefore, the diﬀusion of Cr was
faster than that of Ni and was more likely to invade first when
316L diﬀused into Q345R because the concentration gradient of
Cr on both sides of the interface was higher than that of Ni, as
shown in Fig. 5(c). In the region of 316L, the ratio of sFe atoms, Cr
atoms and Ni atoms was 74 : 16 : 10, while in the diﬀusion layer,
the ratio of sFe atoms, Cr atoms and Ni atoms was 73.5 : 16.3 : 10.2.
Therefore, Cr, Ni and Fe in 316L diﬀused through the original
interface to Q345R when FeCrNi diﬀused into Fe. And the amount
of diﬀusion of Cr atoms was higher than that of Ni atoms, which
was consistent with the conclusion obtained by MSD. Good
agreement was obtained in comparison with experimental results,
which were detailed in the ESI.†
The thicknesses of the diﬀusion layer at various temperatures are shown in Fig. 6a, which manifests that temperature
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more efficiently obtained when the composite temperature
is higher.
Besides the temperature eﬀect, we have investigated the
strain rate eﬀect on the atomic diﬀusion. Similarly, the thickness
of the diﬀusion layer at various strain rates can be obtained
(see Fig. 6b) by analyzing the concentration of FeCrNi and Fe in
the Z direction at various strain rates (see Fig. S4 in the ESI†). As
shown in Fig. 6b, the thickness of the diﬀusion layer decreases
exponentially with increasing strain rate, which are 9 Å, 7.5 Å,
6.5 Å and 6 Å at 1  109 s1, 1.5  109 s1, 3  109 s1 and
4  109 s1, respectively. Obviously, the thickness of the
diﬀusion layer decreases as the strain rate increases, which
decreases by 33.3% when the strain rate increases from 1  109 s1
to 4  109 s1. It can be explained that the compression time is
inversely proportional to the strain rate on the premise of reaching
the same strain 0.3. Therefore, it is necessary to select the
appropriate compressive strain rate to obtain a thicker diﬀusion layer for better cohesion of the bimetal composite. We can
conclude that the optimized condition is a hot compression
process with a strain rate of 3  109 s1 when taking both
composite quality and simulation time into consideration.
Atomistic structure of the bimetal interface
Fig. 6 Diﬀusion as a function of temperature (a) and strain rate (b). Red
line stands for the thicknesses of the diﬀusion layer that can be obtained by
extracting the coordinate information of the atoms from the LAMMPS
dump files; blue line is for the exponential fitting of the thicknesses.

plays an important role in the interface atomic diﬀusion. And
the atomic concentration distribution of position Z at various
temperatures is illustrated in Fig. S2 in the ESI.† The thickness
of the diﬀusion layer increases exponentially with increasing
temperature, where the thickness of the diﬀusion layer is 6.5 Å,
8 Å, 12.5 Å and 18.5 Å when the temperature is 1500 K, 1600 K,
1700 K and 1800 K, respectively. For the temperature range
from 1500 K to 1600 K, the thickness of the diﬀusion layer
increases from 6.5 to 8 Å, with an increment of 1.5 Å. In
contrast, when the temperature increases from 1600 K to
1700 K, the thickness of the diﬀusion layer abruptly increases
to 12.5 Å, with an increment of 4.5 Å, which is 3 times that of
the previous rate. Regarding the percentage of growth, the
thickness of the diﬀusion layer increases by 23.1% when the
temperature increases from 1500 K to 1600 K and by nearly
56.3% when the temperature increases from 1600 K to 1700 K.
Our results agree with a previous study,15 and show that atoms
can diﬀuse beyond the interface to the other side only when the
temperature reaches 0.6–0.8Tm (Tm is the melting temperature
of the material, and Tm is about 2000 K here). The main reason
is that the atomic thermal motions become intense, resulting
in a significant diffusion when the temperature is close to the
melting point of the material. Therefore, the thickness of the
diffusion layer becomes larger with temperature. This is direct
evidence that the growth of the layer is diffusion controlled
which is greatly influenced by the temperature. As a result, a
thicker diffusion layer and better interface combination are
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The interface is defined as the region with the largest thickness
of the diﬀusion layer. The atomic spatial distributions and
structures can be characterized by the radius distribution
function (RDF). The influence of temperature and strain rate
on the degree of interface amorphization can be obtained by

Fig. 7 Radius distribution functions on the interface at various temperatures (a) and strain rates (b).

This journal is © the Owner Societies 2019

Paper

PCCP

comparing the width and height of the peaks of the RDF curves.
A general rule is that a broader and lower peak implies a higher
degree of amorphization. We have examined the RDF of the
interface as shown in Fig. 7.
All peaks of the RDF curves in Fig. 7a decrease with
increasing temperature. The trend is that a first narrower peak
appears at 2.61 Å and splits the second peak, which shows a
well crystalline structure in the interface region. Then the peaks
grow broader and lower, which indicates that an amorphous
structure has formed at the interface. The split of the second
peak is also strong evidence of the amorphous structure of
the interface,31 consistent with the previous results and the
visualization in Fig. 3 and 5. We have calculated the average
positions of the four nearest peaks in the RDF of FeCrNi, Fe and
the interface region from Fig. 7a, as summarized in Table 2.
The peaks of the interface region are between FeCrNi and Fe,
and the first two peaks are closer to FeCrNi. These results
indicate that the structure of the interface region undergoes a
phase change from the crystalline state to an amorphous state
when the strain increases.

Table 2 The average positions of the four nearest peaks in the RDF of
316L, Q345R and the interface at various temperatures

First peak (Å) Second peak (Å) Third peak (Å) Fourth peak (Å)
FeCrNi 2.63
Fe
2.62
Interface 2.61

4.78
4.83
4.81

6.92
6.92
6.98

9.37
9.35
9.41

Our further investigation of the strain rate eﬀect on the RDF
of the interface is shown in Fig. 7b, where the RDF is insensitive
to the strain rates in our strain rate range of 1  109 s1 to
4  109 s1. The first peak of the RDF decreased with increasing
strain rate and the other peaks were broad and faded away
quickly. All these phenomena indicated that the structure of
the interface region changed from the crystalline state to an
amorphous state when the strain rate increased. The simulated
RDF was basically insensitive to the strain applied at the rates
used in this work. In order to clarify the reason, one more
simulation at 1500 K with a strain rate of 3.0  108 s1 has been
examined. Obviously, the first peak of the RDF at 3.0  108 s1
was the highest. The simulated RDF was basically insensitive to
the strain applied at the rates used in this work because of the
ultra-high rate in applying strain.
To gain more insights into the influence of temperature and
strain rate on the interfacial structure, we present the atomic
concentration of the interface region in Fig. 8. The atomic
concentration of sFe, Cr, and Ni slightly increases with increasing
temperature, and the concentration of cFe slightly decreases. This
mainly results from the fact that the increase of temperature
promotes atomic diﬀusion between FeCrNi and Fe, which
indicates that more and more FeCrNi diﬀuses into the Fe layer.
From Fig. 8b, the concentration of Cr and cFe slightly increases
with increasing strain rate and the concentration of Ni and sFe
slightly decreases. It can be explained by the fact that there is not
enough time for atoms to diﬀuse across the interface and the
diﬀusion of the Fe layer is more dominant than that of FeCrNi at a
higher strain rate.

Conclusions

Fig. 8 Concentration variation at the interface (red) and concentration of
the interface (blue) at various temperatures (a) and strain rates (b).
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The diﬀusion and mechanics of the interface between austenitic
steel (FeCrNi) and bcc iron in a hot compression process have
been investigated via molecular dynamics simulations. The eﬀects
of compression temperature and strain rate on the compression
mechanism and interfacial diﬀusion were examined. A high
temperature favors the diﬀusion of interfacial atoms and improves
the combination of FeCrNi/Fe to form a thicker diﬀusion layer.
The thickness of the diﬀusion layer increases by 23.1% when the
temperature increases from 1500 K to 1600 K and by nearly 56.3%
when the temperature increases from 1600 K to 1700 K. The
thickness of the diﬀusion layer is aﬀected by the strain rate, with
a decrease of 33.3% when the compressive strain rate increases
from 1  109 s1 to 4  109 s1. When the temperature and strain
rate increase, the structure of the interface region changes from
the crystalline state to an amorphous state.
The stress–strain curve at the initial stage of this process is
linear until the stress reaches the maximum stress. After that, the
stress decreases rapidly with fluctuations. During the compression
process of FeCrNi and Fe at high temperature, the compressive
strength of the FeCrNi/Fe system decreases by 44.3% and the
corresponding strain decreases by 7.2% when the temperature
increase from 1500 K to 1800 K. However, the mechanical properties are not sensitive to the strain rate in our study. Our study
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sheds light at the atomic level on the mechanical strength and
diffusivity of the interface in the bimetal during the hot
compression process which might be beneficial to the optimization of the fabrication of bimetal composites.
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