
Journal of Nuclear Materials 547 (2021) 152778 

Contents lists available at ScienceDirect 

Journal of Nuclear Materials 

journal homepage: www.elsevier.com/locate/jnucmat 

Effect of Irradiation on Ni-Inconel/Incoloy Heterostructures in 

Multimetallic Layered Composites 

Shiddartha Paul a , Daniel Schwen 
b , Michael P. Short c , Kasra Momeni a , ∗

a Department of Mechanical Engineering, University of Alabama, Tuscaloosa, AL 35487, United States 
b Department of Computational Mechanics and Materials, Idaho National Laboratory, Idaho Falls, ID 83402, United States 
c Department of Nuclear Science & Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, United States 

a r t i c l e i n f o 

Article history: 

Received 29 August 2020 

Revised 26 December 2020 

Accepted 31 December 2020 

Available online 21 January 2021 

Keywords: 

Radiation resistant materials 

Multi-metallic layered composite (MMLC) 

Molecular dynamics 

Generation IV nuclear reactors 

High entropy alloys 

a b s t r a c t 

We use molecular dynamics (MD) to study radiation-induced mixing through multi-metallic layered com- 

posites’ interfaces for nuclear reactor applications. Here, we consider the Incoloy-Ni and the Inconel-Ni 

system with four different com positions of Inconel. We investigate the irradiated structure of these com- 

posites at different temperatures by performing successive 10 keV collision cascades simulations up to the 

radiation dose of 0.5 displacements per atom (dpa). We reveal a linear relationship between the interface 

thickness of the heterostructure with the radiation dose and the higher tendency of Cr for penetration 

in Ni. The lower migration barrier of Cr assists the formation of vacancies and interstitials. Our results 

indicate that the Incoloy 800H (Ni 32 Cr 21 Fe 47 ) has a high radiation resistance among all the considered 

compositions. 

Published by Elsevier B.V. 

1

i

u

a

h

c

a

a

n

s

p

l

d

a

a

t

a

[

w

d

i

c

f

c

m

t

a

i

c

t

a

v

a

c

o

t

e

a

t

r

[

o

h

0

. Introduction 

The critical challenge in Generation IV nuclear reactors’ design 

s developing low-cost materials that can maintain their integrity 

nder harsh reactor environments beyond 60 years [1] . For ex- 

mple, developing new radiation-resistant structural materials for 

igh temperatures and corrosive environments is one of the cru- 

ial obstacles for building these reactors [2] . Following a classic 

pproach of making new do-it-all alloys is very time consuming 

nd requires extensive testing. Because an ASME code case does 

ot exist for newly developed materials, and it will need at least 

even years of testing, that itself will be a barrier to their fast de- 

loyment. 

Multimetallic Layered Composites (MMLC) provide a unique so- 

ution to this complex problem by decoupling interactions between 

ifferent alloys through forming a functionally graded material. It 

llows the use of existing ASME code cases for each layer to be 

pplied to the entire structural design. MMLCs have shown poten- 

ial for developing accident tolerant fuel cladding of light water re- 

ctors [3] , in the lead- and lead-bismuth–cooled nuclear reactors 

4] , and fluoride-salt-cooled high-temperature reactors [5] . Here, 

e investigate the stability and formation of interfacial phases un- 

er irradiations for two MMLC systems with potential application 
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n the next-generation nuclear reactors: (i) Ni-Fe-Cr/Ni, and (ii) In- 

onel/Ni. The Ni-Fe-Cr alloys have an excellent oxidation resistance 

or fuel cladding [6] and an enhanced defect recombination rate 

ompared to the bulk Ni or the Ni-Fe system desired for cladding 

aterials [7] . Inconel [8] is a candidate material for cladding due 

o its high mechanical strength [ 9 , 10 ], swelling [11–13] resistance, 

nd excellent oxidation-corrosion resistance [14] . 

Understanding the radiation-induced damage is vital for gain- 

ng insight into the microstructural evolution of materials for nu- 

lear applications and predicting their structural integrity over 

heir lifetime. Radiation flux has a multifaceted effect on materi- 

ls, such as an increase in the concentration of point defects and 

ariation of composition in the vicinity of sinks, which is known 

s radiation-induced segregation [15] . This effect in Fe-Cr alloys 

auses Cr enrichment or depletion, leading to corrosion sensitivity 

r embrittlement [16] . One of the critical issues adversely affecting 

he structural integrity of the irradiated materials is the radiation- 

nhanced diffusion due to the formation of vacancies, interstitials, 

nd point defects. These defects deteriorate the mechanical and 

hermal properties [ 17 , 18 ] and affect dimensions of cladding mate- 

ials through embrittlement, radiation-induced creep, and swelling 

19–21] . These effects can hamper the reactor’s regular and safe 

peration by creating malfunctions like cooling disruption and 

rack formation in different structural parts of a reactor, leading 

o catastrophic failures and a severe accident. 

Experimental studies have been performed to understand 

he change in material properties due to irradiation, such as 

https://doi.org/10.1016/j.jnucmat.2021.152778
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jnucmat
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Table 1 

Vacancy formation energy, E f v , of Cr, Fe, and 

Ni for different EAM potentials. The results 

are independent of the chosen potential and 

in good agreement with experiments. 

Elements EAM potential E fv (eV) 

Cr EAM-1 [28] 2.09 

EAM-2 [29] 2.25 

EAM-3 [30] 1.98 

Experiment [36] 2.56 

Fe EAM-1 [28] 2.13 

EAM-2 [29] 1.94 

EAM-3 [30] 1.58 

Experiment [37] 2.17 

Ni EAM-1 [28] 1.79 

EAM-2 [29] 1.47 

EAM-3 [30] 1.50 

Experiment [38] 1.68 

Table 2 

Comparing the mechanical properties of Inconel (Ni 51 Cr 24 Fe 25 ) for 

the EAM and ZBL modified EAM potentials. The addition of the 

ZBL potential term does not alter these properties. 

Case G (ksi ×10 3 ) E (ksi ×10 3 ) υ

EAM-1 20.61 47.32 0.18 

EAM-2 27.55 62.21 0.13 

EAM-3 18.20 43.66 0.20 

ZBL modified EAM-1 20.61 47.32 0.18 

Experiment [47] 12.50 31.30 0.25 

Figure 1. Radiation enhanced diffusion coefficient of Inconel (Ni 51 Cr 25 Fe 24 )/Ni 

MMLC. The calculated diffusion coefficient at 10 0 0K shows similar average val- 

ues for the different interatomic potentials, indicating the results’ potential- 

independence. 
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icrostructure evolution, cracking, and embrittlement [22] . How- 

ver, these tests are challenging due to the high costs of sample 

reparation, controlled radiation, and characterization of irradiated 

amples. Computer simulations provide an alternative tool to study 

rradiation’s effect on the structural integrity and variation of ma- 

erial properties during their life. These simulations provide insight 

nto alloys’ behavior under irradiation across different length and 

emporal scales [ 23 , 24 ]. 

In this study, we used the molecular dynamics technique to in- 

estigate radiation’s effect on the interfaces’ structural integrity in 

nconel/Ni and Incoloy 800H/Ni MMLCs. We performed a system- 

tic study of alloy composition on the radiation-induced defect for- 

ation and interface properties, such as width, in these materials. 

he presented results provide a fundamental understanding of the 

ole of alloys’ chemistry on the structural integrity of MMLCs un- 

er extreme radiations and temperatures for use as a cladding ma- 

erial. 

. Computational methodology 

We have considered four compositions of Inconel and one In- 

oloy 800H for an 80 × 40 × 40 face-centered cubic (FCC) lattice 

tructures of Nickel (Ni) with 5120 0 0 atoms. This system size en- 

ures that the collision cascades initiated by 10 keV PKAs do not 

nteract with the periodic images while modeling the many cas- 

ades that are yet computationally tractable. The four sample In- 

onel structures are Ni 51 Cr 30 Fe 19 , Ni 56 Cr 23 Fe 21 , Ni 60 Cr 21 Fe 19, and

i 51 Cr 25 Fe 24 , and the one Incoloy 800H structure is Ni 32 Cr 21 Fe 47 .

he lattice constant of Inconel and Ni calculated by the EAM-1 po- 

ential is 3.62 Å and 3.52 Å, respectively. The experimentally mea- 

ured lattice constants of Inconel and Ni are 3.60 Å [25] and 3.58 Å

26] , respectively. Here, we used the experimentally measured lat- 

ice constant of Inconel, 3.60 Å [25] , to build our model material. 

e then replaced the Ni atoms on half of the sample with Fe and

r atoms according to their molar percentage, turning half of the 

ample into the associated alloy structure with 40 × 40 × 40 units. 

e have applied periodic boundary conditions in all directions. We 

erformed our simulations using the Large-scale Atomic/Molecular 

assively Parallel Simulator (LAMMPS) open-source code [27] . 

There are three Embedded Atom Model (EAM) potentials for the 

i-Cr-Fe, which we designate with EAM-1 [28] , EAM-2 [29] , and 

AM-3 [30] . We have chosen EAM-1 potential since it can cap- 

ure Fe-Cr-Ni metallic alloys’ behavior at different conditions (see 

he Supplementary Material). Particularly, the stacking fault energy 

alculated by the EAM-1 potential has a good agreement with the 

xperimental values for a wide range of alloying element compo- 

itions [28] . To investigate the independence of our results from 

he chosen potential, we have compared different material prop- 

rties calculated by these potentials. The elastic constants and va- 

ancy formation energy calculated by EAM-1 are in good agree- 

ent with the values calculated with EAM-2 and EAM-3 poten- 

ials and experimentally measured values (see Tables 1 and 2 ). We 

ave also performed cascade simulations for each potential to en- 

ure that our results are not affected by the forcefield artifacts. 

e have presented a comparison of the radiation enhanced dif- 

usion (RED) coefficient to measure radiation damage for different 

otentials in Figure 1 . Our results indicate that the average value 

f the RED coefficient calculated by EAM-1 is close to the averages 

btained by EAM-2 and EAM-3. The EAM-2 potential has already 

een used to model Fe-Cr-Ni alloys’ radiation damage in different 

tudies [ 29 , 31–33 ]. 

We modified the EAM interatomic potential by adding the 

iegler-Biersack-Littmark (ZBL) [ 34 , 35 ] potential (see Supplemen- 

ary Materials) to describe the short-range and high energy colli- 

ions during the high energy cascade simulations. The expression 
2 
or the total energy is 

 Tot = E EAM H 

(
r i j 

)
+ E ZBL 

(
1 − H 

(
r i j 

))
, (1) 

here H( r i j ) is the Heaviside function to ensure the smooth tran- 

ition between EAM and ZBL potentials. 

The ZBL-modified EAM potential has a steeper curve close to 

he nucleus compared to the EAM potential. The first nearest 

eighbor atom in an FCC crystal is at 0.707 a, where a is the lat-

ice constant, and thus, the inner and outer radius of ZBL poten- 

ial should be less than this distance. For Nickel, this distance is 

.49 Å. We assumed the same cutoff radius as the initial pristine 

AM potential for associated pairwise interactors. We determined 

he inner and outer radii of the ZBL modified EAM potential fol- 

owing a trial and error process, where the difference between the 

BL-modified and pristine potentials was minimized. We choose 

he inner and outer radii values of 0.9 and 1.25 Å, respectively 

 Figure 2 (a)). Figure 2 (a) shows the variation of the EAM and ZBL-
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Figure 2. Interatomic potentials utilized and the simulated structures. (a) Interatomic potential plots for the pure EAM and ZBL modified EAM potentials; (b) initial and (c) 

the final 800H structure after 300 PKAs introduced (final stage) to implement the irradiation, the corresponding zoomed slices of the interfacial phases are shown on the 

right. 
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e

p

c

odified EAM (for two different inner and outer radii pairs of val- 

es) interatomic potentials as a function of the separation distance 

etween two atoms. We compared the elastic modulus, E , shear 

odulus, G , and Poisson’s ratio, v , of bulk Inconel samples for both 

ristine and ZBL-modified potentials, Table 2 , which indicates that 

dding the ZBL potential term does not change these mechanical 

roperties. The difference between the predicted and experimen- 

ally measured values could be due to the EAM potentials’ limita- 

ions for modeling ternary alloys. Furthermore, we compared our 

alculated mechanical properties with the ones reported for the 

ther potentials. However, we could not find any noticeable dis- 

repancy between these calculated properties, Table 2 . 

The MD technique has been used to investigate the effect of ir- 

adiation damage in materials at various temperatures, such as ir- 

adiation of UO 2 between 70 0-180 0K with Uranium atoms with a 

KA of 10 keV [39] . The radiation damage was determined by con- 

idering vacancies and formed defects using Seitz’s theory [40] of 

oving atoms. 

Both NVT [41] and NPT [42] relaxations have been used to study 

he effect of irradiation in materials. Here, we carried out the MD 

imulations by initially relaxing the structure at 10 0 0K — the typ- 

cal operating temperature of fluoride-salt high-temperature reac- 

ors — for 50ps with a time step of 1fs in the NVT ensemble. The 

se of NVT relaxation leads to small strains of 0.005 and 0.02 on 

he Inconel and Ni sides with respect to the EAM-1 lattice param- 

ters, respectively. We could not realize major differences between 

he stresses calculated for our system when the NPT ensemble was 

sed during the relaxation phase. Then for the cascade simulation, 

e randomly select a primary knock-on atom (PKA) and set its ve- 

ocity to the equivalent 10 keV cascade energy. The dose rate in MD 

imulation is orders of magnitude higher than the experimental 

oses [43] , which is due to the inherent limitation of this method 

or modeling events in the scales of a few nanoseconds that sub- 

equently yield in short simulation time between the collision 

ascades. However, implanted ion distribution (PKA in our case) 

t relatively lower ion energy in the order of 10keV could suc- 

essfully reproduce the experimentally observed irradiation dam- 

ge due to irradiations at MeV energies [ 32 , 44–46 ]. We did not

ifferentiate the atoms based on their radiation transparency be- 

ause it is relatively the same for the elements considered in this 

tudy. The velocity has been distributed in different directions, 

here the absolute velocity value corresponding to 10 keV en- 

rgy is set to be maximum in the direction normal to the Inconel- 

i heterostructure interface, i.e., v = ( 0 . 99 , 0 . 135 , 0 . 042 ) | v | . The 
ascade simulation carried out for 20ps in NVE ensemble 
u  

3 
ith a variable time step algorithm to maintain the numerical 

fficiency. 

Figure 2 (b)-(c) shows that the interface structure during the ini- 

ial and final state of cascade simulation and mixing are shown, 

espectively. These simulations indicate that the Inconel-Ni inter- 

ace transforms from a sharp bilayer heterostructure interfaces, 

igure 2 (b), to a system that contains interstitials and vacancies, 

igure 2 (c), by increasing the radiation dose. As the radiation dose 

ncreases, the Ni, Cr, and Fe atoms of the Inconel gradually diffuse 

n pure Ni due to the ballistic intermixing and form various vacan- 

ies and impurities. 

When the PKA initiates, it dissipates the kinetic energy within 

 short free path and in the first 0.9-1.5ps of the simulation. 

he energy range that we are studying (~10keV) correlates to the 

ery short-lived thermalized regime during displacement cascade, 

hich can be defined as a thermal spike (TS) region [ 4 8 , 4 9 ]. TS

egion forms when the maximum cascade energy dissipated to 

he neighboring atoms within ~1ps of the PKA initiation. The TS 

uenched back to 10 0 0K at the end of the collision cascade, after 

.8-1ps. Afterward, we have annealed the structure under the NVT 

nsemble for 5ps. We have calculated the dpa per PKA atom us- 

ng the Stopping and Range of Ions in Materials (SRIM) code [34] , 

here we came to 0.002 dpa/PKA. We repeat the cascade simu- 

ation to model the material response at higher radiation doses. 

e performed a total of 250 recoil simulations to achieve dam- 

ge up to 0.5dpa. In this study, we have assumed frictionless col- 

ision cascades and neglected the electronic stopping [ 24 , 50 ]. This 

ssumption leads to an overestimation of the damage and an in- 

erent safety factor. Electronic stopping can be modeled by intro- 

ucing a friction term in the equation of motion of atoms [51–53] . 

The Norgett-Robinson-Torrens (NRT) equation for determin- 

ng the number of displacements per atom for a PKA is dpa = 

 . 4 T dam 
E PKA / E d . Here, T dam 

is the damage energy, and E d is the 

hreshold displacement of energy. T dam 
can be calculated by the 

ollowing equation T dam 
= E B 

i 
+ E B 

T 
+ E 

p 
i 

+ E 
p 
T 
. Here E B 

i 
is the beam

nergy lost to lattice binding energy; E B T is the energy needed for 

reating one vacancy or the target atom energy lost to lattice bind- 

ng energy and equals to lattice binding energy E B multiplied by 

he number of vacancies created by target atoms v T . Here, we 

onsidered E B = 3.32 eV of Ni, and v T = 1 / 5120 0 0 since we have

12,0 0 0 atoms in our simulation cell. Furthermore, E 
p 
i 
is the beam 

nergy lost to phonons and E 
p 
T 

is the target atom energy lost to 

honons. In our case, the calculated dpa using NRT model without 

onsidering the phononic phenomenon for the 250 PKAs of 10KeV, 

sing E d = 23 eV for Ni [54] and T dam 
= 3 . 32 eV from SRIM simula-
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Figure 3. SRIM set up for Ni-based MMLC radiation simulation. (a) Ni-Inconel (Ni 51 Cr 24 Fe 25 ) structure details with the10 keV energy PKA; (b) Radiation displacement log-log 

plot along the three-dimensional surfaces of the Ni-Inconel heterostructure; (c) Number of displacements per angstrom of thickness for each incident ion; (d) Deposition 

energy as a function of the target depth along with the interface. 
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ions is 

pa = 0 . 4 ×
(
3 . 32 eV × 1 

5120 0 0 

)
×250 × 10 0 0 0 ( eV/P KA ) / 23 eV = 0 . 2819 , 

hich is 44% smaller than the value calculated by SRIM. One of the 

ources of discrepancy between NRT calculated values and SRIM 

imulations is the complexity of our system, where we considered 

n MMLC of alloys. For example, for an MMLC system of simple 

etal elements, there was a 20% discrepancy between the pre- 

icted SRIM calculations and rough NRT estimates [55] . Further- 

ore, here the PKAs are randomly initiated from the Inconel side 

ith 0 ° knock on direction, not from the whole structure. 

. Results and Discussion 

We have simulated the Ni-Ni alloy heterostructure for 

ve different compositions, i.e., four Inconel (Ni 51 Cr 30 Fe 19 , 

i 56 Cr 23 Fe 21 , Ni 60 Cr 21 Fe 19, and Ni 51 Cr 25 Fe 24 ), and one Incoloy

00H (Ni 32 Cr 21 Fe 47 ). Cascade formation was identified by intro- 

ucing the PKAs. Atoms from the alloy mix into the pure Ni by 

ncreasing the radiation dose. As radiation increases, the sharp 

nterface transforms into a diffuse interface with vacancies and 

nterstitials. In this study, we have analyzed the effect of alloying 

ompositions of Ni-Cr-Fe composite (Inconel and Incoloy 800H) on 

he radiation-induced mixing in the Ni-Inconel/Incoloy MMLCs. 

.1. Calculation of dpa 

Kinchin et al. [56] have developed a mathematical model to cal- 

ulate dpa by considering the kinetic energy above a threshold dis- 

lacement energy. We have used the SRIM [34] code to calculate 

pa, where we used the same structures, composition, and recoil 
4 
ascade energy as we used for the MD simulations, i.e., 10 keV. 

e set the radiation depth up to 288 Å ( = 80 unit cells × 3.6 ̊A

nit cell length). Figure 3 (a) shows the ion incident on the tar- 

et Ni-Inconel (Ni 51 Cr 24 Fe 25 ) layer, which led to mixing the Inconel 

toms through the interface. We used 99999 ion incidents to have 

 statistically representative calculation. Figure 3 (b) shows the log- 

og plot of displacement and its distribution over the layers, where 

art of the displacement field crossed the interface, leading to the 

ixing of Inconel and Ni atoms. Figure 3 (b) also shows the num- 

er of displacements and vacancies. We calculated the number of 

isplacements per ion-angstrom to be 4.6, Figure 3 (c), which we 

hen used to calculate the dpa (see Supplemental Information). 

igure 3 (d) shows the nuclear-deposited energy equivalent to the 

adiation as a function of the target’s depth. 

The fluence area is the Ni-Inconel interface cross-section, and 

e assumed the radiation source to be on the Inconel side. We 

ave calculated the atomic volume using the weighted average of 

he atomic radius of Ni, Cr, and Fe because the PKAs are randomly 

elected. 

.2. Effect of Alloy Composition 

We studied the effect of alloy composition on the intermixing 

f different alloying elements under irradiation and the interface’s 

tability and formation of vacancies and interstitials. Comparing 

he Cr and Fe atoms’ profile at the interface, Figure 4 , reveals the

igher intermixing of Cr compared to Fe. This result is consistent 

ith previous reports on the lower migration barrier of Cr in com- 

arison with Ni and Fe [57] . We have further calculated the mi- 

ration energy barrier of Ni, Fe, and Cr through the Ni lattice us- 

ng the EAM-1 potential [28] , which is comparable with other re- 

orted literature values calculated using EAM-2 potential and the 
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Figure 4. Intermixing of alloying elements under irradiation. (a,b) Mixing profiles of Cr and Fe atoms, respectively, at different positions in the x-direction for 800H. The Cr 

and Fe mixing profiles for other alloying compositions have been presented in Appendix B . 

Figure 5. Effect of radiation on the formation of defects and intermixing of different elements. (a) MSD during the initial and final step of the 50 th cascade event; (b) 

accumulated defects for Ni 51 Cr 30 Fe 19 in the simulation box during the 1 st PKA (top) and after the 300 th PKAs (bottom); (c) Accumulation of defects, both Frenkel pairs 

defects, as a function of dpa; and (d) Interface thickness of different Inconel compositions with pure Ni as a function radiation damage in dpa. 

Table 3 

Migration energy (eV) of different atoms in FCC lattice of Ni. 

Element 

Migration barrier using MD Migration barrier 

using DFT [31] Our values (EAM-1) Ref. [31] (EAM-2) 

Ni 1.09 1.08 1.08 

Fe 1.06 1.02 0.95 

Cr 0.64 0.71 0.75 
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FT method [ 29 , 31 ]; see Table 3 . We can see that Cr has a lower

igration barrier, resulting in a faster diffusion rate than the other 

lloying elements. 

To understand the effect of radiation on the overall mixing of 

lements, we calculated the mean squared displacement (MSD) of 

ll atoms as a function of time during a cascade event, Figure 5 (a).
5 
his method is the standard method for measuring the mixing 

n MD simulations [ 58 , 59 ]. The MSD can also be connected to

he Mixing Parameter, a measure for determining the Radiation- 

nduced Mixing, by dividing MSD with the model’s atomic den- 

ity and deposited nuclear energy [60] . A more accurate way of 

alculating the Mixing Parameter has been introduced following 

he Boltzman-Matano approach [42] . The current MSD calculations 

re yet sufficient to understand the role of alloy chemistry on the 

adiation-induced mixing and compare the performance of differ- 

nt compositions. 

We considered two time periods, i.e., the first and the last 1ps 

f the cascade event, for a radiation dose of 0.1dpa (50 th PKA 

vent) that led to a diffuse interface width ∼20 ̊A. Our results re- 

ealed a rapid increase in the MSD of all atoms during the first 1ps 

f the cascade, i.e., the TS region. In contrast, at the ending 1ps pe- 
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Figure 6. Formation and annihilation of defects during irradiation. (a) The defect formation throughout simulation; The inset figure shows the defect formation and annihi- 

lation during the 50th cascade event. A linear relation between the number of defects (vacancies and interstitials) and the number of cascade events is revealed. (b) defect 

formation profile at different dpa. 
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iod of the cascade event, the rate of change of MSD as a function 

f radiation dose becomes constant. Since the diffusion coefficient 

s proportional to the MSD vs. time curve slope, Figure 5 (a) indi- 

ates the maximum mixing during the TS region. 

Figure 5 (b) shows the formation of the defects (vacancies and 

nterstitials) as cascade events go on. The formation of a cluster 

f interstitials is revealed in the irradiated Inconel during the ini- 

ial irradiation stage. By continuing the irradiation process, defect 

lusters will evenly distribute in both Inconel and Ni. This distri- 

ution pattern could be due to the high temperature at which we 

erformed our simulations, i.e., 10 0 0K, as the intermixing of de- 

ects is a strong function of temperature [61] . Small vacancy clus- 

ers form in Ni have higher mobility than the ones form in NiFe 

lloys [21] . The lower defect mobility in NiFe alloys is due to the 

hemical disorder that arises from the composition complexity. A 

igher point defect migration tendency in Ni helps to aggravate 

luster formation during successive cascades [32] . We also studied 

he distribution of defects, where we could not detect any statisti- 

ally meaningful effect of the (100) interface. 

The Wigner-Seitz cell [62] method has been used to identify the 

efects, where the damaged sample has been compared to the ref- 

rence (initial) structure. Figure 5 (c) indicates that the number of 

acancies and interstitials increases with the radiation dose. It also 

evealed that the total number of vacancies and interstitials in the 

00H (Ni 32 Cr 21 Fe 47 ) alloy is the least among the considered com- 

ositions, and the alloys with lower iron content are more prone 

o the formation of defects under irradiation. Furthermore, in the 

ase of Inconel Ni 51 Cr 30 Fe 19 , the slope of radiation-induced defects 

ncreases by increasing the dpa. We also revealed that Cr promotes 

efect accumulation by intermixing through defect assisted diffu- 

ion. Our results are consistent with previous reports showing that 

r promotes Ni diffusion and defect accumulation in irradiated bi- 

ary and ternary Ni-Cr-Fe alloys [31] . 

We also revealed that the interface’s thickness, which charac- 

erizes the intermixing, increases by increasing the radiation dose, 

igure 5 (d). We found that the 800H and Ni 60 Cr 21 Fe 19 have the

owest and highest thickness at radiation doses below 0.5 dpa, 

espectively. However, the thickness for Ni 51 Cr 30 Fe 19 dominates 

hen the radiation dose increases further due to the Cr induced 

ixing. Our results indicate that the variation in the alloy compo- 

ition impacts the radiation-induced damage. Particularly, we re- 

ealed that the concentration of defects is minimum in Incoloy 

00H, which has the highest iron concentration. Thus, we conclude 

hat iron-rich alloys have a higher radiation resistance, consistent 

ith previous experimental reports [63] . 

We further studied the effect of radiation dose on the forma- 

ion of defects, where we revealed their linear correlation, Figure 6 . 
e

6 
acancies and interstitials annihilate beyond the TS region dur- 

ng each cascade event’s quenching or cooling phase; see the in- 

et image in Figure 6 (a). However, the increase in the number of 

rradiation-indicated defects as a function of time indicates that 

hey will not recover completely. Interfaces and grain boundaries 

ay act as defect sinks, increasing radiation damage tolerance de- 

ending on the misorientation angle or interface plane [ 64 , 65 ]. We

tudied the distribution of defects across the MMLC, Figure 6 (b), 

evealing no definite defect segregation trend near the Inconel/Ni 

nterface. The zero misorientation angle could explain the negligi- 

le effect of the (100) interface. 

The diffusion coefficient is directly related to the mixing param- 

ter ( MP ), which describes the radiation-induced mixing as MP = 

Dt 
ϕ F D 

, where D is the diffusion coefficient, t is the irradiation time, ϕ

s the ion fluence, and F D is the deposited nuclear energy per unit 

epth [66] . Thus, comparing the diffusion coefficients can provide 

n insight into the ballistic intermixing across the interface. Here, 

e have calculated the sample material systems’ diffusion coeffi- 

ient, using the Einstein relationship, [67] as a function of irra- 

iation dose. The diffusion coefficient is calculated as D = 

〈 r 2 s (t) 〉 
2 nt , 

here 〈 r 2 s (t) 〉 is the MSD of particle determined over time, t , in a 

ystem with n dimension. Here, n = 3 for our 3D material systems. 

ur results indicate that the diffusion coefficient increases with in- 

reasing radiation dose, Figure 7 . The interdiffusion length is 
√ 

Dt , 

hich can be found by the experimental fitting of the measured 

omposition parameters across the interface of the solid solution. 

he usual way to measure the mixing in molecular dynamics simu- 

ations is to determine the diffusion coefficient from the MSD [68] . 

e have calculated the MSD for all the atoms without any bias 

ecause the difference in radiation transparency of the elements 

nvolved is negligible. The diffusion coefficient data is calculated 

fter the TS period, i.e., ~1ps, of a cascade event to avoid artifi- 

ially high diffusion coefficients. The calculated radiation-induced 

iffusion coefficient for different com positions considered here are 

resented in Figure 7 . These values are consistent with the ones 

eported for Ni and Ni-based alloys, i.e., 10 -9 -10 -8 m 
2 /s [69] . 

Our results revealed that the 800H-Ni multilayer composite 

tructure has the lowest rate of increase of diffusion coefficient as 

 function of radiation dose compared to the other material sys- 

ems considered, Figure 7 (f). Thus, the (10 0) 80 0H-Ni interface’s 

adiation resistance is highest among these systems. It can be ex- 

lained by the higher iron percentage, 47%, and iron’s high migra- 

ion energy [31] that results in a sluggish diffusion under irradia- 

ion. The Ni 51 Cr 30 Fe 19 has a higher diffusion coefficient, and thus, 

 lower radiation resistance than Ni 60 Cr 21 Fe 19 with equal iron con- 

ent. The low migration energy barrier of Cr atoms results in the 

nhanced diffusion of alloys with higher Cr concentrations [31] . 
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Figure 7. Diffusion coefficient as a function of irradiation dose (dpa) in different Ni-Inconel multilayer heterostructure at 1,0 0 0K; (a) 800H (Ni 32 Cr 21 Fe 47 ), (b) Ni 51 Cr 25 Fe 24, 
(c) Ni 51 Cr 30 Fe 19 , (d) Ni 56 Cr 23 Fe 21 , and (e) Ni 60 Cr 21 Fe 19 ; (f) diffusion coefficient of all of them for comparison. Among all these compositions, 800H and Ni 51 Cr 30 Fe 19 have the 

lowest and highest rate of increase in the diffusion coefficient, respectively. 

Figure 8. Radiation-induced diffusion (RID) coefficient as a function of irradiation dose (dpa) in different Ni-Inconel multilayer heterostructures at 0K; (a) 800H 

(Ni 32 Cr 21 Fe 47 ), (b) Ni 51 Cr 25 Fe 24, (c) Ni 51 Cr 30 Fe 19 , (d) Ni 56 Cr 23 Fe 21 , and (e) Ni 60 Cr 21 Fe 19 . 
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The Ni 56 Cr 23 Fe 21 alloy composition has the third-highest rate 

f increase of the diffusion coefficient as a function of irradiation 

ose among all considered compositions. Here, for Ni 60 Cr 21 Fe 19 In- 

onel, the Ni content is slightly higher than that for the other 

ompositions . Nevertheless, the percentage of Cr dominates and in- 

reases the rate of change of diffusion coefficient by changing the 

efect dynamics. Cr has a lower migration energy barrier compared 

o Fe and Ni, which results in its higher diffusivity. The faster dif- 

usion of Cr atoms leads to faster diffusion of vacancies, increasing 

he probability of having a vacancy next to a Ni atom. Ni’s mi- 

ration energy barrier is very sensitive to vacancies, specifically 

n their first nearest neighbors. The migration energy of Ni re- 

uces to less than half of its value in the presence of vacancies in

ts first nearest neighboring sites [ 57 , 70 ]. Thus, due to the higher

ontent of Ni and lower Fe content in the presence of compara- 

le Cr content, Ni 60 Cr 21 Fe 19 Inconel promotes the formation of Ni- 

acancy pairs, specifically during irradiation, as defect concentra- 

ion increases with radiation dose. 

We further performed these irradiation simulations at 0K to un- 

erstand the role of temperature on radiation-induced mixing of 
7 
he two alloys. Figure 8 shows the calculated radiation-induced dif- 

usion coefficient for the considered alloys at 0K. Our results re- 

ealed the same linear relationship between the radiation-induced 

iffusion coefficient and radiation dose, except for the 800H-Ni 

lloy with almost a constant radiation-induced diffusion coeffi- 

ient. Therefore, while ballistic intermixing is dominant in Inconel- 

i layered metallic composites, thermal fluctuations play a crucial 

ole in the Incoloy 800H-Ni interface’s stability. This can also be 

xplained by the higher iron content of the Incoloy 800H. 

During the cascade simulation at 0K, the kinetic energy of the 

KA reduced to 0K in ~2fs. Thus, the PKA did not get time to push

he atoms out of their Wigner-Seitz cell, and we could not identify 

ny defects. 

. Conclusions 

We used molecular dynamics to systematically investigate the 

adiation-induced mixing at the interface of different metallic al- 

oy compositions of Inconel and pure Ni under the reactor operat- 

ng conditions. The Inconel-Ni bilayers were subjected to multiple 
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ascades for a period of 5-6 ns, which corresponded to radiation 

oses up to 0.5 dpa. We performed a comparative study of dam- 

ge accumulation for the five material systems. Our results indi- 

ate that radiation-induced mixing increases as the radiation dam- 

ge grows by increasing the radiation dose (dpa). Also, radiation- 

nduced mixing is higher at the initial TS stage of each PKA com- 

ared to the relaxed phase, i.e., the ballistic stage. 

Investigating the effect of alloy chemistry, we reveal that the 

00H has the highest radiation resistance. This resistance is due 

o its high iron content, 47%, and the fact that the iron has a low

iffusivity. Thus, Inconel alloys with high iron content have supe- 

iority for defect and radiation damage sensitive applications. Fur- 

hermore, increasing Ni content in the Inconel improves the multi- 

etallic multilayered radiation resistance system involving pure Ni 

s one of the structural layers. Cr promotes the vacancy and inter- 

titial diffusion and increases the interface thickness, which is due 

o the low migration energy barrier of Cr atoms. Our results also 

evealed a linear relationship between the concentration of vacan- 

ies and interstitials with the radiation dose. The helium embrit- 

lement of these MMLCs needs to be further investigated, as inter- 

ranular fracture has been reported for the Inconel alloys [71] . Our 

imulations indicate that the (100) interface has a negligible effect 

n defects’ formation and distribution. However, further studies are 

equired to understand the interface orientation’s role in forming 

nd distributing defects. We should also note that one of the ob- 

tacles to the use of Ni-based alloys as cladding is He buildup un- 

er a high concentration of thermal neutrons. Thus, further studies 

re needed to investigate the effect of He buildup in these alloys 

or MMLC applications. 
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ppendix A. Calculating Radiation Damage using SRIM 

We used the following equation to calculate the radiation dose 

72] : 

pa = Damage 

(
Number 

Angstrom − Ion 

)
× F luence 

(
Ion 

Ang stro m 
2 

)

×atomic v olume 

(
Angstro m 

3 

atom 

)
. 

The value of damage (number/angstrom-ion) is calculated from 

he SRIM software package [34] . The fluence (ion/Angstrom 
2 ) is de- 

ermined by the reactor problem and indicates the number of in- 

ident atoms per unit area. The atomic volume is also calculated 

s 4 3 π r 3 , where r is the atomic radius. We have calculated the dpa 

or a single incident cascade around 2 × 10 −3 dpa, which showed 

 negligible variation in terms of the calculated dpa for alloy sys- 

ems considered in this study. We have also verified our procedure 

y reproducing the radiation dose calculated in Ref. [73] . 

ppendix B. Forcefield Model 

The EAM potential has a general expression: 

 sys = 

1 

2 

N ∑ 

i =1 

i N ∑ 

j= i 1 
ϕ IJ 

(
r i j 

)
+ 

i N ∑ 

i. j 

F I ( ρ i ) . (B-2) 

Here, ϕ i j ( r i j ) is the energy between the atoms’ i and j that is 

 function of their separation distance, r i j , and F I ( ρ i ) is the en- 

rgy for embedding atom i into the material with the local atomic 

ensity ρ i , where 

i = 

i N ∑ 

j= i 1 
ρa 

j 

(
r i j 

)
. (B-3) 

Here, ρa 
j 
is the atomic density contribution from atom j to the 

ite i and it can be expressed as 

a 
j ( r ) = ρ 0 ,I exp 

(
r − r 0 ,II 
r 0 ,II 

)
f c,II ( r ) , (B-4) 

Where, ρ 0 ,I is the function that captures the decay of electron 

ensity with separation distance without affecting the embedding 

nergy. This potential function has been successfully utilized for 

arious alloy material and their responses with the retuned values 

or each alloying system [74] . 

 IJ ( r ) = 

E b,IJ 

β IJ − α IJ 

{
β IJ exp 

(
−α IJ 

r − r 0 ,IJ 

r 0 ,IJ 

)

−α IJ exp 

(
β IJ 

r − r 0 ,IJ 

r 0 ,IJ 

)
+ ε IJ exp 

[ 
λi j 

(
r − δi j 

)2 ] }
f c,IJ ( r )

(B-5

Here, E b,IJ , β IJ , α IJ , r 0 ,IJ , ε IJ , λIJ and δIJ are seven IJ dependent 
arameters, and the cutoff function f c,IJ (r) , 

 IJ ( r ) = { 1 2 er f c 
[ 

μ( r−r s,IJ ) + ν( r c,IJ −r ) 
r c,IJ −r s,IJ 

] 
r < r c,IJ 

0 , r ≥ r c,IJ 
, (B-6) 

here r c,IJ and r s,IJ are two independent parameters for the IJ

airs (depends on species) and μ and ν are constants, where 
1 
2 er f c(v ) = 0 . 9 and 1 2 er f c(μ) = 10 −5 . 

In the total energy expression of ZBL modified EAM potential 

Eq.B-1), the ZBL term can be expressed as 

 ZBL = 

1 

4 πε 0 

Z i Z j e 
2 

r i j 
ϕ 

(
r i j /a 

)
(B-7) 

https://doi.org/10.1016/j.jnucmat.2021.152778
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Here, e is the electron charge and Z i and Z j are the nuclear 

harges of the two i’th and j’th atoms, a is an empirical functional 

ariable 

 = 

0 . 46850 

Z 0 . 23 
i 

+ Z 0 . 23 
j 

, (B-8) 

 

(
r i j 

)
= 

0 . 46850 

Z 0 . 23 
i 

+ Z 0 . 23 
j 

, (B-9) 

 = 0 . 1875 e −3 . 19980 x + 0 . 50986 e −. 94299 x + 0 . 28022 e −. 0 . 40290 x 

+ 0 . 02817 e −. 20162 x . (B-10) 

In Eq. (B-10), x represents the term r i j /a , and r i j is the inter- 

tomic distance between the atom i and atom j. 
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