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Abstract— Multimetallic layered composites (MMLC)
have been explored for their suitability as nuclear fuel
cladding in nuclear reactors. We studied the radiation
resistance of a new MMLC, i.e., T91(Fe90Cr9Mo1)/Fe-Cr-Si
(Fe86Cr12Si1), for nuclear fuel cladding in Generation IV
reactors, such as Molten Salt Reactor (MSR). We used a
multi-objective optimization (MOO) approach to
parameterizing a Modified Embedded Atom Method
(MEAM) forcefield with Ziegler-Biersack-Littmark (ZBL)
modification that can reproduce the two alloy's mechanical
properties and perform the high energy collision cascade
simulations. We performed simulations for a broad range of
Primary Knock on Atom (PKA) energies, 10-100keV, at
1000K to investigate the effect of the PKA energy on the
radiation damage. We found that the diffusion coefficient
follows a linear trend with the radiation dose but inversely
relates to PKA energies. The mean squared displacement
(MSD) at the thermal spike (TS) phase is independent of the
PKA energy and decreases during the ballistic phase of the
cascade simulation at higher PKA energy. We revealed
structural rearrangement for Fe-Cr, Si-Cr, Cr-Mo, and MoMo neighboring atoms upon reaching a critical radiation
dose. Our investigation also shows that the number of
defects decreases as the PKA energy increases.
Keywords— Multimetallic layered Composite (MMLC),
Nuclear Material, Radiation Damage, T91, Cascade
Simulation, Molecular dynamics
I. INTRODUCTION
The need for new radiation-resistant materials for advanced
nuclear reactors has increased over the last few decades. The
high functionality of the advanced reactor requires the
structural and cladding material to be intact in extreme
conditions
(e.g.,
elevated temperature,
corrosive
environment, and extreme radiation). Researchers have been

developing nickel-based austenitic steel alloys for nuclear
application [1]. Swelling the cladding material under
irradiation at reactor operating temperature becomes a
significant problem in advanced reactor structural and
cladding applications. These Ni-based austenitic steel alloys
have a maximum swelling rate of 1% per dpa when exposed
to irradiation for a high transient period [2], which results in
embrittlement upon a more extended period. Ferriticmartensitic (F-M) alloys are becoming a prime candidate for
the advanced reactor's structural and fuel cladding
application because of their high strength, radiation
resistance, thermal stress resistance, and dimensional
stability at extreme conditions [3], [4]. They have some
unique qualities as a cladding material as they have a BodyCentered Cubic (BCC) crystal structure with a swelling rate
of 0.2% per dpa [2], which is lower than the austenitic
alloys. A comprehensive experimental study has
investigated the microstructural evolution and mechanical
properties [5]–[7]. In F-M alloys, approximately 9-12% of
Cr is considered the high percentage, and the minor
elements play an essential role in the phase formation [8].
Several experimental studies have been performed to
describe the radiation response and microstructural change
due to the radiation damage [9]–[12].
F-M alloys can develop a Cr-enriched phase near the grain
boundary (GB) that causes the embrittlement of the alloy
[13]. T91 alloy, an attractive candidate for nuclear fuel
cladding application in generation IV advanced reactors, is
an F-M alloy with 9% Cr and 1% Mo with iron that has high
corrosion resistance [14] and lower swelling rate (0.09%1.76% for 200dpa at 693K) than the other Ni-based
austenitic alloys [9], [15]. In some cases, T91 alloys exhibit
better swelling resistance with a more extended swelling
incubation period than other F-M alloys [9].
Here, we have studied an MMLC structure of T91 and
another F-M alloy (Fe86Cr12Si2) under irradiation at a reactor
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operating temperature[16], [17]. We choose Fe86Cr12Si2 due
to its excellent corrosion resistance under nuclear reactorlike environment [18], [19]. We have considered Mo and Si
as those minor elements of T91. We analyzed the radiationinduced mixing through the heterostructure interface,
radiation-induced defect formation, and structural disorder
as a function of radiation dose. The results presented here
pave the way to understand radiation-induced damage
better, provide a pathway to reduce material degradation
under extreme nuclear reactor-like conditions, and explore
new materials that would facilitate next-generation nuclear
reactors' safe, sustainable, and economical operation.

of the separation distances. In our system, we have used Febased alloy, which has the bcc structure with a lattice
constant of 2.866Å and the first nearest neighbor atom
distance is 0.866a. Therefore, the inner and the outer radii in
ZBL potential should be less than 2.49Å and in our case we
have chosen 1.50Å and 2.00Å for inner and outer radii pairs.
We have used the successive displacement cascade
algorithm using the Molecular Dynamics (MD) simulation.
We have initiated the process with the relaxation of the
whole system at 1000K with Nose-Hoover canonical
ensemble for 15 ps with a timestep of 0.001 ps before
cascade collision simulation. We randomly chose the PKA
at the T91 alloy on the left side to initiate cascade collision,
considering the radiation source is positioned on that side.
After randomly selecting the PKA, velocity was assigned
equivalent to specific kinetic energy to start the high energy
collisions. In our study, we have tested our MMLC system
for five different values of kinetic energies, i.e., 10, 30, 50,
80, and 100keV. The velocity has been distributed in
different directions, where the absolute velocity value
corresponding to the kinetic energy is set to be maximum in
the direction normal to the Inconel-Ni heterostructure
interface, i.e., v = (0.99,0.135,0.042) |v|, so that the PKA
can hit though the heterostructure interface [24]. These
random values have been assigned to ensure maximum
velocity in X-direction while keeping the resultant same.

II. COMPUTATIONAL MODELING
We have considered the T91/Fe86Cr12Si2 MMLC
heterostructure for radiation damage modeling at different
PKA energies. To construct the composite structure for our
simulation, we have taken a BCC lattice of Fe, which has a
lattice constant of 2.866 Å. Then we have taken the
100×50×50 unit cell of Fe with 500,000 atoms. To form the
T91 composite structure, we have replaced the Fe atoms
from the left half of the structure with 9% and 1% of Cr and
Mo atoms, respectively. To construct the Fe-Cr-Si alloy, we
have replaced the Fe atoms from the right half of the lattice
with the 12% and 2% of Cr and Si atoms, respectively. The
heterostructure layer interface is located at the 143.3Å from
each side of the structure.
We are capitalizing on our potential for Fe-Cr-Si [20] and
added quaternary interactions Fe-Mo, Cr-Mo, Mo-Si, and
Mo-Mo interaction to model T91. We adopted the Fe-Mo
and Cr-Mo from the MEAM potential for the Fe-C-Cr-Mo
system [21], and the Mo-Si interaction has been adopted
from Ref. [22]. We have followed a MOO procedure to
merge all these interactions [23]. In this approach, m
objectives define the vector
, and vector
x defines the individual objectives
. Given
many objectives in the 2 NN MEAM method, it is
unprovable that a single set of parameters will optimize all
of these objectives. Hence, a scalarization with weighting
factors was included to minimize all of the elements and
avoid the dominance of one, i.e.,
,
where wi adjusts the effect of each parameter. Each target
function is based on the differences between the obtained
and target reference values, where the normalized objective
vector is
. Here, Qi0 is the
reference value, and Qi is computed by the tested potential.
This process was repeated until reaching a minimum of the
error value.
The data was analyzed and enhanced using the MOO
process. Weighting factors were used to build a potential
that regenerates elastic constants, ground-state energies, and
structural characteristics. Due to a lack of a reference for the
1:1 element ratio for the Mo-Si, we used the C11b structure
with a MoSi2.We compared our obtained value using the
fitted interaction parameters with the literature values. The
comparison showed that our MEAM values are in excellent
agreement with the DFT and experimental calculations,
Table 1. The developed potential files are included in the
supporting information.
Fig. 1(a) shows the variation of the MEAM and ZBL
modified MEAM interatomic potential energy as a function

Figure 1. ZBL modified interatomic potential and structural evolution
due to the radiation cascade simulation; (a) potential plots for the pure
MEAM and ZBL modified MEAM potentials; (b) structural evolution from
the initial structure after 500PKA simulation for 10keV energy cascade; (c)
cascade formation at the first PKA initiation and after 500 PKA completion
and respective cascade-energy color-coding scale.

To ensure the maximum numerical efficiency of our PKAinitiated cascade collision event, we have used a variable
adaptive timestep algorithm for 10,000 steps ( 10 ps) with
an NVE ensemble. Followed by this, the structure has been
brought back to its initial temperature (1000K) with a
Noose-Hoover thermostat to detect the defects as a result of
radiation dose increment after each cascade event. This
displacement cascade has gone through successive
repetitions to increase the radiation, and we have performed
up to 500 successive PKA events for all simulations. In Fig.
1(b), we see the evolution of the structure after introducing
500 PKA-initiated cascade events. The sharp and thin
T91/Fe-Cr-Si MMLC heterostructure interface transformed
to a wide interface, and the atoms mix through the interface
from the T91 to Fe-Cr-Si alloy portion. Fig. 1(c) shows the
cascade formation during the initial and the final PKA and
their evolution as the simulation proceeds. We can see that,
at the initial cascade, few atoms were energized by the
initial PKA, and as the simulation went on, a large number
of the atoms were energized by successive cascade events.
As the subsequent simulation process proceeded, the canter
of mass of the structure was continuously shifting.
Therefore, we had to balance the linear and the angular
momentum for unwanted shifting of the particles through
2
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the periodic boundaries. All these simulations have been
carried out by the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) open-source code [25]. We
have reached a damage level of 0.7-1.3 dpa depending on
the PKA energy. The number of the PKAs introduced in the
cascade simulation was fixed, but the energy per PKA
(EPKA) is different for each PKA energy case. The damage
level we have achieved is very different than the
experimental, where several hundreds of nanometer depths

need to be analyzed for radiation damage. The PKA
energized several MeV of PKA energy in experiments [26].
However, it has been seen from the energy spectrum that
most of the atoms absorb 10 KeV-1.5MeV energy[26]. Our
simulation study used 10–100 keV with a reasonably
dimensioned atomic system to ensure maximum
computational efficiency and reach a damage level
comparable to the experimental damage study[27].

Table 1. Mo-Si2 properties comparison before and after the potential fitting.
MoSi2
C11b
No fit
MEAM
Our
fitted
MEAM
MEAM
[22]
DFT
[28]
DFT
[29]
Exp.
[30]
Exp.
[31]

Cohesive
Energy
(Ev)

a/c lattice
(Å)

Ec

alat

C11

C12

-5.66

3.46/8.80

242.73

-5.65

3.11/9.55

-5.92

3.59/8.42

-23.19

3.22/7.87

-19.14

Shear
Modulus
(GPA)

Young
Modulus
(GPA)

Bulk
Modulus
(GPA)

Poisson's
Ratio

C44

G

E

B

v

156.82

42.31

84.83

225.37

218.93

0.33

396.52

116.16

173.55

158.70

385.09

223.86

0.21

252.00

145.00

26.00

75.00

202.00

Elastic constants (GPA)

0.34
203.70

3.18/7.79

406.4

111.5

202.1

3.20/7.85

410.00

114.90

195.00

2.446

401.00

102.00

208.00

We have used the Stopping and Range of Ions in Matter
(SRIM) code to determine the EPKA. For SRIM calculations,
we have set up a system similar to our MD simulation
structural condition. In Fig. 2, the calculated damage level
or radiation dose per EPKA has been plotted as a function of
PKA energy. We revealed a plateau in saturation trend
comes as the PKA energy increases.

211.6

222.00

(1)
Here
is the particle flux used to calculate the PKA
is the threshold
distributions associated with EPKA;
displacement energy or the energy required to produce
Frenkel pair atomic defects in the lattice. The recoil energy
cross-sections are defined via the energy bins (e.g., or
bins),
is the cross-section in the barn for recoil energy of
group incident on the target neutron with an energy group
for a reaction → , and
is the damage energy
associated with incident neutron with PKA energy .
III. RESULTS AND DISCUSSION
We revealed the formation of cascades leading to radiationinduced segregation, void formation, defect accumulation,
and other physical and mechanical effects. The cascade
events evolve in several periodic stages, i.e., initial collision,
TS region, quenching phase, and the annealing phase. In the
collision stage, the primary knock-on atom initiates the
displacement cascade, which lasts until the creation of
further displacements or energy dissipation. This stage ends
in a very short period (<<1ps), and the displaced atoms in
the lattice sites do not have enough time to form defects.
Following the collision stage, the TS region starts, which its
development requires ~0.1-0.15ps, and the maximum
cascade energy dissipate to the neighboring atoms within
~1.0-1.5 ps. After dissipating the kinetic energy to the
surrounding atoms, the ballistic phase emerges. The ballistic
phase (~9ps) is crucial for defect diffusion and annihilation,
leading to tractable damage. The TS region in each cascade

Figure 2. Calculation of radiation damage level using SRIM code for
different PKA energies.

As the PKA energy increases, the kinetic energy of the
atoms upon collision increases, leading to more significant
damage to materials. According to the following expression,
this energy distribution becomes almost the same for the
PKAs with increasing energy due to their dependence on the
recoil cross-sections [32].

3
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event is crucial as radiation-induced segregation is
maximum at this stage. Fig. 3(a) and (b) show the MSD as a
function of simulation time for 10keV and 100keV,
respectively, revealing comparable MSD values at the TS
region for 10 keV and 100keV. However, at the end of the
cascade, the MSD increases slowly for 10 keV during the
ballistic phase of the cascade, while it decreases for
100 keV.

doses gets saturates after 0.2 dpa (the mixing curves are
very close to each other when radiation dose > 0.2dpa, Fig.
4(a) and (b). That is why we see a less dependence of
interface thickness on radiation dose after 0.2 dpa which
results in the saturation of interface thickness, Fig. 4(a).

Figure 4. Radiation-induced mixing through T91/FeCrSi interface, (a)
interfacial thickness; elemental mixing with (b) 10KeV and (c) 100KeV
PKA.

In Fig. 5, the defect density as a function of radiation dose in
the T91/ Fe-12Cr-2Si MMLC system has been presented for
different EPKA. The radiation-induced vacancies and
interstitials accumulated due to the repetitive collision of
high-energy particles and atoms. Formation of interstitial
and vacancy is a simultaneous process, and these vacancyinterstitial pairs are known as Frenkel pairs (FP). During the
radiation, the density of defects produced during the cascade
may alter by the annihilation or the recombination of the
vacancy or interstitials. Fig. 5(a) shows that the density of
FP increases at higher radiation doses and upon increasing
the EPKA.

Figure 3. Mean squared displacement for (a) 10KeV and (b) 100KeV
PKA at the very initial cascade; (c) radiation enhanced diffusion for
different cases and time of the simulation.

Fig. 3(c) represents the radiation enhanced diffusion (RED)
coefficient variation for our system with different EPKA as a
function of radiation dose, indicating an increasing linear
trend of the RED with the radiation dose. The RED for 10
keV is much higher than for other EPKA. Furthermore, Fig.
3(c) shows that the RED coefficient decreases as the EPKA
increases. The difference between the RED coefficient for
different EPKA increases as the radiation dose increases. The
diffusion coefficient has been calculated using Einstein
relation[33],
. Here
is the MSDof
particles, s determined over time, , in a system with
dimensions. In our simulations, n=3, as we have a 3D
material system. The MSD has been calculated using this
expression

; here

is the

number of atoms in our system and is the atom id. The
RED value has been determined for the diffusion of all the
atoms rather than the selective ones because of their close
radiation responsiveness. RED occurs mainly due to the
vacancy or defect formation during the radiation. As the
radiation-induced vacancy concentration is higher than the
thermally produced vacancy, the value of RED is much
higher than the thermally induced self-diffusion coefficient.
That is why we have got a higher RED coefficient in a range
of 10-9-10-8 m2/s than the thermally induced self-diffusion
coefficient (10-17-10-19 m2/s) [34]. Our RED coefficient
findings agree with the previous study for Fe-Cr-based alloy
irradiation [35]. This radiation-enhanced diffusion and
defect formation widen the MMLC's heterostructure
interface, Figs. 1(b) and 4(a). The interfacial thickness
increases exponentially with the radiation dose initially and
reaches a plateau as the radiation dose increases, Fig. 4(a).
Furthermore, Fig. 4(b) and (c) represent the atomic mixing
through the MMLC structure for different radiation doses of
10keV-100keV. It can be visually observed that the atomic
mixing is a bit higher for 100keV than it is for 10keV.
However, in those mixing through the structure plots, we
see that the atomic mixing tendency for different radiation

Figure 5. Defect density in the T91/ Fe-12Cr-2Si MMLC. The density of
defects remains almost constant at low radiation doses and increases when
the radiation dose passes a critical value that is a function of EPKA

Fig. 6(a) plots the pair correlation at the initial collision
cascade, showing the lack of the long-range order in mutual
pair of atoms as the atoms are sparsely distributed over a
wide range of bond length. Fig. 6(b) revealed an increase in
the peak value of Cr-Si, Mo-Mo, Cr-Mo, and Si-Si upon
irradiation, indicating domination of their preferred nearest
distance upon irradiation that can be due to the better mixing
of these elements through the sample. In the case of the MoMo radial distribution function, we revealed a loss of long4
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range order upon irradiations indicated by the almost
constant nonzero g(r) value. Coordination analysis also
indicates the enrichment of the Cr-associated phase,
possibly increasing the hardness of the microstructure [36]
and saturating the radiation damage, as we have seen earlier
from our results and literature discussions. However, such
formation of Cr enriched phases near grain boundaries leads
to embrittlement of the material.

[2]

[3]

[4]

IV. CONCLUSIONS
We studied the radiation damage for an MMLC system
consisting of T91/ Fe-12Cr-2Si alloys irradiated at different
EPKA. Our simulations indicate that the diffusion coefficient
follows a linear trend with the radiation dose and inversely
relates to EPKA. Most of the PKA energy absorbed during the
TS stage and the radiation-enhanced MSD during the TS
stage is higher than each cascade's ballistic phase.
Furthermore, the MSD is the same at the TS phase for
different PKA energies. However, at higher PKA energy, a
decreasing trend of MSD has been seen in the ballistic phase
of a cascade simulation.
Using coordination analysis, we revealed a structural
rearrangement for Fe-Cr, Si-Cr, Cr-Mo, and Mo-Mo,
indicating the Cr enrichments near the GBs, which has also
been reported experimentally [37], [38]. We also realized
that increasing radiation dose widens the sharp interface as
the defects and the interstitials diffuse through the interface.
The thickness of the interface curves becomes saturated as
the radiation increases beyond 0.2dpa due to Cr enrichment
in the GBs of the T91/Fe-12Cr-2Si MMLC system.
Moreover, the defects for different EPKA also plateau as the
radiation goes beyond the 0.2 dpa. The recombination rate is
also lower at higher radiation doses due to the lower sink
efficiency due to structural alternation GBs. Our results
revealed a dynamic relationship of radiation damage
quantities, e.g., radiation defect, interfacial thickness, RED,
and radiation-induced mixing with radiation dose for this
particular MMLC system, consistent with experimental
reports[37], [38].

[5]
[6]

[7]

[8]
[9]

[10]

[11]

[12]

[13]
[14]

[15]
[16]

[17]

[18]
Figure 6. Structural coordination analysis of different elements; (a) the
initial structure with 0.0 dpa, and (b) the final structure after 1.0 dpa with
common neighbor analysis for respective structure.
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