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a b s t r a c t

Radiation damage is one of the aging important causes in nuclear reactors. Radiation damage causes
changes in material properties. In this study, this effect has been evaluated and analyzed on the clad of
the Tehran research reactor (TRR). A grade 6061 aluminum is used as a clad in the TRR. The MCNPX code
is used to designate the most sensitive location of the reactor and calculate neutron flux distribution.
Then, a software using FORTRAN language programming is developed to process the particle track
(PTRAC) output file of the MCNPX code. The SRIM code is used here to calculate the rate of displacement
per atom. Moreover, the SPECOMP and SPECTER codes are also applied to estimate the displacement rate
and compared with the results attained using the SRIM code. The rate of displacement per atom by the
SPECTER and SRIM codes have been obtained 2.54� 10�7 dpa/s and 2.44� 10�7dpa/s (QD method),
respectively. Also, the mechanical properties have been evaluated using the RCC-MRx code and have
been compared with experimental results. Finally, the change in the matter specification has been
analyzed as a function of time.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Due to the low thermal neutron absorption cross-section and
appropriate physical and mechanical properties, aluminum is used
as a clad in Material Test Reactors (MTRs) [1]. Aluminum has been
also widely used in the nuclear industry as reactor tanks, and
structural materials [2]. Neutron radiation causes changes in the
properties due to the displacement of the atoms in the matter. Due
to the importance of the clad rule in a nuclear reactor, under-
standing the change in its properties is important from an aging
management point of view [3].

It is known that radiation (neutrons, ions, and energetic
gammas) causes the displacement of the atoms from their normal
lattice sites. If the kinetic energy transmitted to the atom exceeds
the displacement threshold energy (Ed), it leads to the creation of
the primary knock atom (PKA). The Ed depends on the micro-
structural of the material and can be measured experimentally or
calculated by molecular dynamics (MD) method. It is usually in the
range of 20e100eV in metals and its alloys. A PKA with enough
kinetic energy can result in the displacement of another lattice
r, m.amirkhani@aut.ac.ir

by Elsevier Korea LLC. This is an
atom (called secondary knock-on atom), and thus a cascade of
displacements can be created by this mechanism. The result of
sufficient energy transfer to the atom is the creation of the “Frenkel
Pairs (FPs)” (vacancy and interstitial atoms). The types of defects in
the material structure are the result of FP. With increasing fast
neutron fluence, the vacancy clusters are developed to voids and
dislocations. The created defects cause changes in the properties of
the material [4].

Various parameters such as the irradiation temperature,
composition of a target material, and incident neutron spectrum
are effective in the configuration of radiation damage effects. In
aluminum, the 27Al (n, g) 28Si reaction occurs by thermal neutron
[5]. The presence of Si in the aluminum structure increases tensile
strength, decreases ductility, and also induces swelling [6]. It can be
concluded that 28Si precipitates accumulation leads to strength-
ening in aluminum alloys. Fast neutron having greater than 1.9 and
6 MeV conduct reactions 27Al (n, p) 27Mg and 27Al (n, a) 24Na in
aluminum, respectively. Proton and alpha (a) generate large
displacement cascades along their path by transferring energy to
neighboring atoms. The 27Mg and 24Na are called PKA [7].

In the present study, the atomic displacement rate is obtained by
the SPECTER and SRIM codes. Greenwood has developed the
SPECTER code based on ENDF/B-V [8] for neutron radiation damage
calculations. However, it only can perform radiation damage
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Fig. 1. The TRR first operating core configuration.

Table 1
Al-6061 composition [1].

Element Al Si Cr Mg Cu Density (g/cm3)

Al-6061 (% in mass) 97.92 0.6 0.2 1.0 0.28 2.7
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calculations for purematerials. To tackle thementioned problem, the
SPECTER code can use the calculated displacement cross-section
prepared by the SPECOMP code [9]. High-speed computing is one
of the benefits of the SPECTER code. The SRIM was developed by
Ziegler based on the binary collision approximation (BCA) method
[10]. Calculating various parameters such as vacancy distribution,
energy loss, and ionization are some of the advantages of the SRIM
code, and a long time for calculating and indirect neutron radiation
damage calculation is the disadvantage of it.

The effects of neutron radiation on the reflector structure of the
TRR have been calculated [4,11]. Neutron radiation damagewas also
investigated in the reactor pressure vessel of the Bushehr Nuclear
Power Plant (BNPP) by using the MCNPX and SRIM code [12, 13].
Fig. 2. The core configuration simulated by the MCNPX code.
Sevostianov et al. [14] calculated yield stress and electrical con-
ductivity of irradiated zirconium by the MCNP and SPECTER codes
in HFIR.

The main goal of the paper is to estimate the change of clad
mechanical properties in the Tehran Research Reactor (TRR). These
calculations are very important for aging management, reactor
safety, and any experimental test [11]. The number of atomic
displacement is calculated in displacement per atom (dpa) units.
The SRIM 2013, SPECTER, and MCNPX 2.6 based on ENDF/B-VI
codes are used for the aforesaid purpose. Calculations have been
performed for the most sensitive location of the clad of the reactor,
which has the highest neutron flux. Also, the mechanical properties
evolution of Al-6061 has been calculated by the RCC-MRx code [15].

2. Material and methods

2.1. Tehran Research Reactor (TRR)

The TRR is a 5-MW reactor that is made by AMF Company in
1961. This reactor is a pool-type reactor with U3O8-Al enrichment
fuels (20%) and a light-water moderator. Fuel assembly in the core
consists of two types, Control Fuel Element (CFE) and Standard Fuel
Element (SFE). Each SFE has 19 fuel plates, while CFE has 14 fuel
plates. Irradiation box (IR-Box) positions can be used for material
irradiation[1]. Fig. 1 shows the first core configuration of the TRR.
This core consists of 19 fuel assemblies (5 CFE and 14 SFE) and 9 IR-
BOX.

Al-6061 has been used as a clad in the TRR. This material is
widely used in the research reactor structure. The chemical
composition of the clad of TRR is indicated in Table 1.

2.2. Displacement damage calculation

2.2.1. MCNPX simulation
The MCNPX code has been developed to calculate the transport

of various particles and their interactions in a matter. This code is
used to simulate different environments, including reactors, ac-
celerators, and more. Parameters such as nuclear heat, photon
production, produced gases (He, H, etc), and as well as different
reaction rates can be calculated in the MCNPX code. Using the



Fig. 3. Flux on fuel assemblies for the first core of TRR (n/cm2s).

Fig. 4. (a) Axial flux and (b) contours of flux on the D6 fuel assembly.

Fig. 5. (a) Flux and (b) contours of flux on each plate of the D6 fuel assembly.
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PTRAC card, the collision specifications can be studied for each
particle [16]. Fig. 2 shows the first core configuration of the TRR that
is simulated by the MCNPX code.

2.2.2. SPECTER calculation
The SPECTER is written based on ENDF/B-V in 1979. This code

performs radiation damage calculations for a pure matter. The
displacement cross-sectional of the compound should be con-
structed using other codes and adds to the code library. This code
can also calculate total damage energy (kerma), recoil spectrum,
and gas production [8]. In this study, the SPECOMP code [17] is used
to create a cross-section of displacement.

2.2.3. SRIM calculation
The SRIM software (a Monte Carlo simulation code) is used to

simulate the ion distribution profile and the damage of different
types of radiation with eV to GeV energies in various types of
materials. This software uses binary collision approximation (BCA)
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to study the behavior of ions in a matter. The software has two
options for calculation, ‘‘Detailed calculation with full damage
cascades (FC)’’ and ‘‘Ion distribution and quick calculation of
damage (QD)’’. In the first method, the software investigates all
knock-on atoms (primary, secondary, etc.) but in the second
method only the path of the incoming ion [10]. Both QD and FC
models have been applied in the current investigation. A program
based on FORTRAN language programming is developed for the
coupling of the MCNPX and SRIM codes. The position, energy
before and after a collision, movement angle of each collision for
different types of reactions, and the particle type are recorded by
the MCNPX code in the PTRAC output file. The needed information
to start the recoil cascade is recorded in a file titled TRIM.DAT.
Fig. 6. Axial flux on the plat number 3.

Table 2
Nuclear reaction in the material.

Reaction Normalized production rate (Atom/cm3s)

27Al(n,a)24Na 5.98 � 1010
27Al(n,p)27Mg 3.22 � 1011
27Al(n,g)28Si 9.72 � 1012
2.3. Mechanical properties calculation

The RCC-MRx code [15] methodology has been used for simu-
lation of the mechanical properties after irradiation. This code was
written for research reactors, sodium-cooled fast reactors and
fusion reactors. The radiation creep behavior of materials in re-
actors is described in this document. The amount of stress where
plastic deformation begins is called the yield strength. Also, the
highest point in the stress-strain curve is called tensile strength
[18]. According to the RCC-MRx code, the yield strength after irra-
diation can be calculated by multiplying a factor to the value of the
yield strength before irradiation [15]. The average value of the yield
strength at 0.2% offset, the multiplying factor, and the tensile

strength after irradiation (Yafter
P0:2&Tafterm respectively) can be evalu-

ated by the experimental equations (1) and (2).
Yafter
P0:2 ¼

8>><
>>:

Ybefore
P0:2 fth � 1:2� 1021nth

.
cm2

½0:1111lnðfthÞ � 4:3928� � Ybefore
P0:2 ð1:2<fth � 300Þ � 1021nth

.
cm2

(1)

Tafter
m ¼

8>><
>>:

Tbeforem fth � 1:8� 1021nth
.
cm2

½0:0943lnðfthÞ � 3:6151� � Tbeforem ð1:8<fth � 300Þ � 1021nth
.
cm2

(2)
where Ybefore
P0:2 and Tbeforem are the average yield strength and tensile

strength before irradiation, respectively, fth is the thermal neutron
flux [15].
Table 3
Physical parameters for running SPECOMP simulation.

Physical parameters Al Si Cr Mg Cu

Displacement energy (eV) 25 15 25 25 25
Effective gamma damage energy (eV) 674 565 554 574 366
3. Results and discussion

3.1. Calculation of the maximum neutron flux

To calculate the rate of displacement atoms (dpa) in the reactor
clad, the location of the core with the highest neutron flux must be
determined (a position with the highest neutron flux will have the
highest atomic displacement). The F4 tally is used to calculate the
neutron flux. In MCNPX code, results can be recorded by using
tallies. F4 tally uses to calculate the number of neutrons in the
specified volume [16]. Fig. 3 shows the neutron flux in each of the
fuel assemblies in the reactor core in full power (5 MW). The
maximum flux is produced at position D6 which is equal to 1.67�
1014 (n/cm2s). Flux calculations are reported with a statistical
uncertainty of less than 0.5%.
Fig. 4 displays the axial flux and the flux contours at the D6 fuel

assembly. Mesh tally 1 (A kind of MCNPX code output) has been
used for the preparation of the flux contours. Fig. 4 shows that the
middle region of the fuel assembly has the highest neutron flux
(about 2.55� 1014 n/cm2s). Fig. 5 shows the neutron flux over each
of the fuel plates of the D6 fuel assembly. In this figure, the flux
contour is displayed at the height of 30 cm of the fuel assembly. The
calculation shows that plat 3 with flux about 2.0� 1014 n/cm2s has
the highest flux.

The axial flux on the clad of the fuel plate number 3 is shown in
Fig. 6. The maximum total flux is about 2.59� 1014 n/cm2s in the
central region of the clad. The thermal neutron flux (E � 0:55eV) is
5.15� 1013 n/cm2s, the average normalized epi-thermal
(0:55eV < E � 0:1MeV) and fast (E>0:1MeV) flux are 8.99� 1013



Fig. 7. Displacement cross-section of Al-6061 clad of TRR.

Table 4
The SRIM simulation physical parameters.

Physical parameters Al Si Cr Mg Cu

Lattice binding energy (eV) 3 2 3 3 3
Surface binding energy (eV) 3.36 4.7 4.12 1.54 3.52
Displacement energy (eV) 25 15 25 25 25

Table 5
The rate of displacement per atom in the SRIM and SPECTER codes.

Code Model Vacancy production (Vacancy/ion) Damage rate (dpa/s)

SPECTER e e 2.54 � 10�7

SRIM QD 529 2.44 � 10�7

FC 695 3.20 � 10�7

Fig. 9. Thermal fluence dependence of silicon concentration in the aluminum clad.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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n/cm2s and 1.17� 1014 n/cm2s, respectively. This region has the
highest neutron flux in the core, so it is selected to calculate the
radiation damage of the clad. Then, the neutron spectrum has been
evaluated in the region (the central region of the clad) and used as
an input parameter in the SPECTER and SRIM codes. The rate of
particle production in the region is presented in Table 2.
Fig. 8. Total vacancy distribution
3.2. dpa calculation

3.2.1. Calculation of dpa rate using SPECTER codes
The SPECTER code is used to calculate the dpa rate within the

aluminum clad of the TRR. This code requires neutron flux and
displacement cross-sectional of material for calculations. As
explained in the preceding section, the neutron flux spectrum is
calculated using the MCNPX code. The displacement cross-section
is extracted by the SPECOMP code. The calculated displacement
cross-section is added to the code’s library of SPECTER. The
composition of aluminum used to calculate the displacement cross-
section is given in Table 1. Table 3 shows the physical parameters
which were used in the SPECOMP code to calculate the displace-
ment cross-sectional. The displacement cross-section obtained by
the SPECOMP code is shown in Fig. 7.

3.2.2. Calculation of dpa rate using SRIM code
In the SRIM software simulation, the needed information to

start simulation for neutron damage must be recorded in a file
entitled “TRIM.DAT”. The “TRIM.DAT” file is extracted from the
PTRAC card output of the MCNPX code using the developed
FORTRAN language programming. A target with 1� 1� 1 cm3 di-
mensions and source accordance to the obtained neutron flux
spectrum is used in the simulation. Table 4 shows the SRIM simu-
lation parameters.
obtained from QD method.



Fig. 10. Fluence dependence of (a) yield strength and (b) tensile strength of aluminum clad.
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The displacement rates of the atoms calculated by the SRIM and
SPECTER codes are given in Table 5. In the SRIM code, both QD and
FC models have been used for the simulation. The number of va-
cancies obtained in QD and FC models is 529 Vacancy/ion and 695
Vacancy/ion, respectively. The SPECTER code calculated the damage
rate 2.54� 10�7 dpa/s, while the value of 2.44� 10�7 dpa/s and
3.2� 10�7 dpa/s were calculated for the QD and FC models,
respectively. The result of the QDmodel, compared to the FCmodel,
has a lower difference from the result of the SPECTER code, which is
similar to the results obtained from Refs. [4,12,13,19] for other
materials. The vacancy distributions in 3D obtained within the
SRIM software is displayed in Fig. 8.
3.3. Silicon production rate

The decrease in ductility and the increase in tensile strength are
caused by the conversion of aluminum to silicon [20]. The silicon
production rate is calculated by the 27Al (n,g) 28Si reaction which is
produced by thermal neutrons in the aluminum clad. Using the
calculated 27Al (n,g) 28Si reaction by MCNPX code and the amount
of initial silicon in Al-6061 (Table 1), a linear relationship (Eq. (3)) is
found between the 28Si in the clad of the TRR fuel and the thermal
fluence:
Fig. 11. Time dependence of me
Wt%28Si¼0:531þ 3:13� 10�22fth (3)

Fig. 9 displays the amount of the silicon in the clad of the TRR
which is calculated by Eq. (3).

3.4. Mechanical properties estimation

By using the RCC-MRx code [15], the mechanical properties of
the aluminum clad can be calculated. Fig. 10 displays the fluence
dependence of the yield strength and the tensile strength of
aluminum clad of TRRwhich has been calculated by using RCC-MRx
code (Eqs. (1) and (2)). Eqs. (1) and (2) of the RCC-MRx code have
been compared with the experimental results of the reference [21].
This comparison shows that Eqs. (1) and (2) are suitable for
calculating tensile strength and yield strength. The initial value of
the yield strength and the tensile strength is considered to be 276
Mpa and 310 Mpa, respectively. With increasing radiation, both
parameters approach the saturation value.

3.5. Clad properties estimation

Fig. 11 displays the mechanical properties evaluation of the clad
of the Tehran research reactor as a function of time. Severe changes
chanical properties of clad.
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in the amount of 28Si begin after 1000 h, whereas for yield strength
and tensile strength occur at 1500 h. According to the FSAR [1], the
maximum burnup for every fuel assembly is 60%. This burnup
corresponds to the operating time of the reactor for about 800 h at
nominal power. At this time, the amount of 28Si and the displace-
ment of atoms are 0.58% and 0.7 dpa, respectively. The yield
strength and tensile strength have not changed in comparison to
initial values. Significant changes in the atom displacement and the
amount of 28Si begin after this time in the clad.

4. Conclusion

In this study, the neutron effects on the Al-6061 clad have been
investigated in the Tehran Research Reactor by using 3D MCNPX
and SRIM Monte Carlo codes. The region with the highest neutron
flux has been found by the MCNPX code (equal to 2.59 � 1014 n/
cm2s), also the rate of 27Al (n,g) 28Si reaction has been calculated by
using this code that equal to 9.72 � 1012 Atom/cm3s. The rate of
27Al(n,a)24Na and 27Al(n,p)27Mg reactions are equal to 2.98 � 1010

and 3.22 � 1011 Atom/cm3s, respectively. The displacement per
atoms has been extracted by the SRIM and SPECTER codes. The
average normalized atoms displacement rate is equal to 2.44 �
10�7 dpa/s and 3.2 � 10�7 dpa/s that are calculated by the QD and
FC methods in SRIM code, respectively. In SPECTER code, the
calculated atoms displacement rate is 2.54 � 10�7 dpa/s. A linear
relationship (Eq. (3)) has been achieved between the 28Si in the
material and the thermal fluence for clad of the TRR. The change in
the yield strength and tensile strength have been investigated by
the RCC-MRx code and have been compared with experimental
results. At a maximum of the operation time of the fuel assembly,
there is no change in the yield strength and tensile strength of the
clad whereas the amount of silicon and the displacement of the
atoms change in the matter.
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