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a b s t r a c t

Stainless steel is used commonly in nuclear applications for shielding radiation, so in this study, three
different types of new stainless steel samples were designed and developed. New stainless steel com-
pound ratios were determined by using Monte Carlo Simulation program Geant 4 code. In the sample
production, iron (Fe), nickel (Ni), chromium (Cr), silicium (Si), sulphur (S), carbon (C), molybdenum (Mo),
manganese (Mn), wolfram (W), rhenium (Re), titanium (Ti) and vanadium (V), powder materials were
used with powder metallurgy method. Total macroscopic cross sections, mean free path and trans-
mission number were calculated for the fast neutron radiation shielding by using (Geant 4) code. In
addition to neutron shielding, the gamma absorption parameters such as mass attenuation coefficients
(MACs) and half value layer (HVL) were calculated using Win-XCOM software. Sulfuric acid abrasion and
compressive strength tests were carried out and all samples showed good resistance to acid wear and
pressure force. The neutron equivalent dose was measured using an average 4.5 MeV energy fast neutron
source. Results were compared to 316LN type stainless steel, which commonly used in shielding radi-
ation. New stainless steel samples were found to absorb neutron better than 316LN stainless steel at both
low and high temperatures.
© 2019 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

Neutron and gamma radiation are used in nuclear plants and in
many of applications such as high-energy physics, radio diagnosis
and therapy, material analysis and radiography [1]. For this reason,
the use of radiation is increasing each day in technology, medicine
and military.

In addition, to population growth, the need for energy is also
increasing, which results in building new nuclear power plants.
During these applications, radiation may leak into the environment
and cause significant damage to living tissues and organs. For
instance radiation absorption in high ratio may cause serious ef-
fects such as radiation burns, cell and DNA damage, hereditary
nervous system damage, etc. Furthermore, low ratio of radiation
absorption for a long time may also cause many types of cancer
[2,3]. Hence, for the efficient use of radiation, appropriate protec-
tion must be provided in accordance with the radiation type. For
example, to reduce the negative effects of neutron radiation some
materials are used such as polymers, heavy concretes, paraffin etc.
by Elsevier Korea LLC. This is an
To absorb gamma radiations, the materials with a bigger atomic
number and higher density are used. For example, over 25 different
metal alloys are used within the primary and secondary systems in
a modern light water reactor. These materials have low strength at
high temperature, therefore, stainless steels, particularly 316LN
stainless steel are used for radiation shielding in a variety of ap-
plications, most commonly in nuclear reactors as structural
shielding materials at reactor core heat transport system and in
neutron moderator system. Shielding material very complex used
in a nuclear power plant may degrade due to the various envi-
ronmental conditions, radiation effect and stress [4]. In fact, the
316LN stainless steel's radiation absorption ability is low in both
fast neutron and gamma. Therefore, the researches for new steel
and alloy with high gamma and neutron shielding ability are
ongoing. For example, in a study, by adding some elements into
stainless steel have increased the ability of its radiation absorption.
Austenitic stainless steels have been used to shield radiation at the
magnetic fusion nuclear reactors [5]. The composition of this steel
was modified with nickel and manganese for a long time use
proved [6]. The chromium element in the alloy is important in
terms of oxidation resistance and high temperature corrosion. So
materials such as corrosion-resistant steels, stainless steels,
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NieCreFe alloys and super alloys, NieCreMneWeTi, etc.; Contain
sufficient amount of chromium elements [7]. FeeCreMn stainless
steel alloys have been produced for radiation shielding in the fusion
reactors and it comparedwith typical FeeCreNi austenitic stainless
steels [8]. The shielding property of some materials can be deter-
mined in terms of various parameters such as total macroscopic
cross sections, mean free path, transmission, capture for neutron,
mass attenuation coefficient, linear attenuation coefficient, half
value thickness, effective atomic number, etc. for gamma radiation
[9]. For example, for the gamma radiation shielding parameters
such as mass attenuation coefficients, effective atomic numbers,
half thickness value and mean free path of some type carbon and
stainless-steel samples were found by using Monte Carlo simula-
tion Geant4 and MCNP codes [10]. The neutron radiation absorp-
tion cross section and attenuation coefficients of the boron added
type KTA-304 stainless steels were compared by the Monte Carlo
simulation method with the conventional type SUS304 stainless
steel shield parameter, it was reported that boron added steel had
better property such as temperature, chemical corrosion resistance
and neutron stopping [11]. Nickel added stainless steel alloys are
corrosive and high temperature resistant so it is used in nuclear
plants, in chemical, petrochemical industries; moreover, nickel-
based super alloys and steels can be produced by adding re-
fractory elements such as nickel, cobalt, chromium, aluminium,
titanium [12]. In another study, gamma and neutron absorbed dose
rates have found formetal alloys such as CS-516, SS-403, SS-410, SS-
316, SS-316L, SS-304L, Incoloy-600, Monel-400 and Cupro-Nickel
[13]. In this presented study, three different new stainless steel
with the ability of keeping neutron and gamma radiation, including
high rates of nickel, were produced and researched.

2. Materials and methods

2.1. Monte Carlo simulation codes Geant4

The Geant4 simulation toolkit code depends on the targeted
material type and geometry with various particle and photon en-
ergies. The experimental setup of the simulation lets us to predict
events that might occur between radiation and the targeted ma-
terial. It is used in applications in nuclear and high energy physics,
in the particle accelerator, materials research and medical physics
[14]. Comprehensive information can be seen at www.Geant4.org.

2.2. Theoretical basis

The total macroscopic cross section (cm�1) most important
parameter for shielding neutron particle and this value theoreti-
cally were determined for 4.5 MeV energy fast neutron by using
Monte Carlo simulation Geant4 code. The results are given in
Table 4. While Fig. 3 shows the neutron irradiation setup. The cross
section is used to express the possibility of reactions between
neutrons and the target material in nuclear and particle physics
[15]. How a neutron or particle can interact with the target material
classified by the cross-section. The probability of a neutron's reac-
tion with the light particle or nucleus by microscopic cross-section
(s) and the probability of interactionwith the heavy materials such
as concrete is determined by macroscopic cross section. Neutrons
can interact like scattering, absorption, capture, fission, etc. with
target material, so cross section is expressed in the form of total
macroscopic cross section (

P
) and it is calculated as follows.

X
¼ Ns (1)
Here s has unit refers to microscopic cross-section with m2

N ¼ r

A
NA (2)

N; atomic density of the target material, r; density of the target
material, NA; the number of Avogadro.

S Total¼ S scatteringþ S absorptionþ S captureþ S fissionþ….(3)

Materials with large total cross section are good neutron mod-
erators, which means high possibility of interaction with the ma-
terials [16].

The mean free path l is defined as the average distance of a
neutron particle's travel between two collisions with target mate-
rial. The probability of collision at a distance dx taken by a neutron
in the material is calculated by the following equation.

pðxÞdx¼
X
t
dx:e�St :x ¼

X
t
:e�St :x dx (4)

The distance (x) that neutrons can take in the material without any
interaction is determined by means of mean free (l).

l¼
ð∞

0

x:pðxÞdx ¼
X

t
ð∞

0

e�
P

tdx ¼ 1P
t

(5)

St; represents the possibility of a neutron interacting per length
[17].

Neutron transmission number of incoming and passing neu-
trons on the material is expressed by transmission. 100000 fast
neutrons were sent to each material and neutron numbers passing
through the materials were determined by using Monte Carlo
simulation the Geant4 code.

2.3. Sample preparation

To determine radiation interactions of nickel and of other
components in new stainless steel alloys, a series of many simu-
lations were carried out. Much preliminary work was done,
calculated the materials of iron, tungsten, chromium and other
compound ratios required to produce the desired new stainless
steel alloys sample with Monte Carlo simulation code. In the pro-
duction of samples and the Nano-sizes powder form materials,
iron, nickel, chromium, silicon, sulphur, carbon, molybdenum,
manganese, titanium, tungsten, vanadium, rhenium and powder
metallurgy method were used. Materials were mixed for 15 min
and formed homogeneous mixture was heated at 350 �C and then
pelletized at 600 MPa pressure. The pellet formed samples were
annealed at 1300 �C for 3 h, then the annealed stainless steel
samples were hardened by the faster cooling process. The chemical
compositions of the produced new stainless steel samples are
shown in Table 1 and a picture of the samples is shown in Fig. 1.

In order to determine the corrosion resistance of the new
stainless steel samples, nominally 95e98% sulfuric acid (H2SO4)
were used which the most strongly abrasion for alloys and steels.
The tests were carried out using conventional weight and thickness
loss method. Each sample was kept sulfuric acid bath for 96 h [18].
Then, measurement of weight and thickness loss of the samples
was done. The detailed results are shown in Table 2.

To determine the maximum mechanical strength (yield stress)
of the new high alloys, stainless steel samples having 4 mm
thickness and 20 mm diameter, Specac brand hydraulic pressure
machine was used.

http://www.geant4.org


Table 1
Chemical composition ratios and density of producing stainless steel alloy (SSA) (%).

Elements (%) SSA1 (r ¼ 9.04 g/cm3) SSA2 (r ¼ 9.85 g/cm3) SSA3 (r ¼ 10.45 g/cm3)

Ni 38 22 30
Cr 10 18 15
Mn 2 2 1
C 0.5 1 0.5
Mo 1 e 1
W 15 18 20
Si 1 e e

Ti 3 2 e

Fe 29.5 35.975 31.47
V e 1 0.015
S e e 0.015
Re e 0.025 1

Stainless Steels Alloy (SSA).

Fig. 1. Produced stainless steels, alloy samples.

Fig. 2. Effect of applied force on surface area.

Table 2
Abrasion resistance results of the new high alloys stainless steel samples.

Sample Wight of
Sample (g)

Average loss (g) Thickness
(mm)

Average loss (mm)

Code Before After Before After

SSA1 10 9.997 0.003 2 1.970 0.03
SSA2 10 9.998 0.002 2 1.981 0.019
SSA3 10 9.999 0.001 2 1.979 0.001

Table 3
Mechanical strength test results of the new high alloys stainless steel samples.

Sample Diameter of
Sample (mm)

Fracture load (1000 kg) Yield Stress

Before After MPa kgf/mm2

SSA1 20 26.4 14.7 1120.8 114.29
SSA2 20 24.9 15.3 1990.1 202.94
SSA3 20 23.1 15.8 5135.6 523.69
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Diameter change must be found with the applied force of ma-
terial, to calculate the yield strength. So in the current study, the
diameter values before and after the force application were deter-
mined, then the yield stress values were calculated by using
following formula [19].

s ¼ F=S (6)

As shown in Fig. 2 where, F is the force at yield, S is the [original
cross section areae sectional area (A-A0)], s is the yield stress, A is
the cross-sectional area after of force applied. A0 is the area before
force applied. The obtained results are given in Table 3. All new high
alloy stainless steel samples were weldability tested by using the
arc welding method.
2.4. Experimental dose measurements

For neutron absorbed dose rate measurement 241Am/Be fast
neutron source which emits 2e11 MeV neutron particles, Canberra
NP100BeBF3 gaseous neutron detector and Canberra ADM606 se-
ries of digital ratemeterwere used. Experimental neutron dose rate
measurement system is shown in Fig. 3.

3. Results and discussion

In this study, three different new types of high-alloyed stainless
steel samples are designed and produced; the chemical composi-
tions are shown in Table 1 which include threemain components of
steel with nickel content, 22e38 wt%, chromium content, 10e18 wt
%, tungsten content 15e20 wt%. This new type high alloys stainless
steel content nickel 22e38 wt %, and chromium 10e18%. So this
new type high alloys stainless steel closer in the steels of the
austenitic class. It has been seen that by adding nickel, chromium,
and tungsten into the steel's structure has increased heat-
resistance and radiation shielding properties. 5 tons under load
mechanical strength, sulfuric acid (H2SO4) bath for 96 h, leaving in
chemical abrasion and weldability tests were performed. Test re-
sults showed desired standard values.

3.1. Physical and mechanical properties

Products of the new high alloys stainless steel samples some
physical and basic mechanical properties such as sulfuric acid
corrosion and high temperature resistant, pressure strength,
weldability were determined. Ni, Cr, W, elements were high rate
added to the composition of the new steel samples thus the high
temperature, corrosion, pressure strength and radiation shielding
properties of the steel were increased. Acid abrasion tested and the
results are given in Table 2.

As shown in Table 2 at the wear oxidation such as weight and
thickness loss no significant changes were determined. The results



Fig. 3. (a-b). Neutron equivalent dose rate measurement system.
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showed that the new stainless steel samples have high acid abra-
sion resistant.

Stainless steels can crack after the welding process and all type
stainless steels have a potential risk to cracking during the and after
welding process [20,21]. As a result of this test, all new high alloy
stainless steel samples have been identified. New stainless steel
samples have not been cracked after welding.

The yield point and yield strength resistance that indicates the
limit of the beginning of a material plastic behavior.

Yield strength is an important property which has a key role in
resistance of a material against plastic deformation [22].

As shown in Table 3, mechanical stress experimental results
were determined.

Obtained this yield stress values are compatible with commer-
cial stainless steel standards.
Table 4
Total macroscopic cross sections, Mean free path, Transportation values of the samples 3

Sample code Total macroscopic cross section (cm�1)

316LN 0.0964
SSA1 0.1100
SSA2 0.1089
SSA3 0.1110
3.2. Neutron shielding parameters

The Total Macroscopic Cross Section, Mean free path and
transmission number are important parameters for neutron
shielding study. These parameters must be calculated to know of a
material shielding character so in this study, these theoretically
determined by using Monte Carlo Simulation Geant4 code and
obtained results are shown in Table 4.

As shown in Table 4 neutron shielding parameters (Total
Macroscopic Cross Section, Mean Free Path and Transmission
number) were calculated of the new stainless steel samples and
obtained results were compared with 316LN type stainless steel
which is used at the shielding radiation applications commonly.

According to 316 LN stainless steel, new stainless steel samples
have high Total macroscopic cross sections, lowMean Free Path and
Transmission number. If a materials have short mean free paths it
can be said that it has a good shielding neutron radiation ability.

The less the number of neutrons passing through the material,
the higher the neutron absorption power of the material.

As shown in Fig. 4, it is founded that total Macroscopic Cross
Sections values of new stainless steel samples bigger than reference
sample 316LN type stainless steel. This is an indication that the new
stainless steel samples are capable of high shielding.
3.3. Neutron radiation equivalent absorbed dose measurements

All samples were placed between neutron source and detector
then 4.5 MeV energy fast neutron equivalent dose rate measure-
ments were carried out. As shown in Table 5 and in Fig. 4 the results
are compared with 316 LN stainless steel that are commonly used
for shielding neutron particle and it has been observed that new
stainless steel samples are better than reference sample 316LN.
SSA3 sample better than other samples for radiation-shielding
mm thick.

Mean Free Path (mm) Transmission
Number

1.4886 ± 0.0868 90805
1.4818 ± 0.0848 89577
1.4882 ± 0.0871 89682
1.4840 ± 0.0862 89491

Fig. 4. Total macroscopic cross section (cm�1).



Table 5
Experimental equivalent absorbed dose results.

Sample Equivalent Dose Rates Absorbed by Samples (mSv/h) Absorbed Dose Rate (%)

Background 1,3824 e

316LN 0,4039 29%
SSA1 0,5261 38%
SSA2 0,5906 42%
SSA3 0,7021 50%

Fig. 5. Experimental neutron equivalent dose rate measurement results.
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ability this is due to the fact that W concentration increased. From
the results in Table 5 it can be seen that the 4.5 MeV neutron
absorbed dose rate values of the new stainless steel alloy samples
are higher than the 316LN type stainless steel taken as reference
samples.

The absorbed equivalent dose rates of new stainless steel alloy
samples and reference samples are compared in Fig. 4.

It can be seen from Fig. 5 that all samples show the highest
absorption dose rate which better than 316 LN type stainless steel.
It is an emphasize that all SSA1 samples possess highest shielding
effectiveness than the 316 LN.

According to thickness (2-3-4-6-8-10-12-14-16-18- 20 mm) the
amount of dose transmission passing was calculated by using
Monte Carlo Simulation Geant4 code and as shown in Fig. 6 (a-b-c),
obtained results are compared with reference sample 316LN. Ac-
cording to sample thickness neutron transmission change.

4.5 MeV energy 100000 fast neutron sent for each thickness and
number of neutrons passing through the material was determined.
It is clear from Fig. 6 (a-b-c) that as the thickness of all samples
increases, the number of neutrons passed is significantly reduced
almost more than percent fifty and this reduction is greater than
316 LN type stainless steel. It is evident that, the high alloy new
stainless steel samples perfect shielding ability for fast neutron
radiation.
3.3.1. Gamma radiation absorption calculations
The gamma radiation shielding ability of any material can be

determined in terms of various parameters such as the mass
attenuation coefficient, linear attenuation coefficient, mean free
path, half value thickness, tenth value thickness, effective atomic
number, effective electron number, etc. But important parameters
are mass attenuation coefficient and half value thickness so these
must be calculated to determine the character of the shielding
materials to be used for gamma radiation.
Theoretical gamma-ray absorption parameters such as mass

attenuation coefficient (MAC) and half value layer (HVL) of the
samples are investigated by using the well-known Beer-Lambert
law and Win-XCOM software [23,24]. The chemical compositions
and densities of the samples are taken from Table 1. HVL is defined
to be the thickness required to reduce the incident photon intensity
by a factor of 1/2 [25,26]. Calculated MAC and HVL results are
presented in Fig. 7 (a, b) in the continuous energy range of
0.1 MeVe100 GeV. In respect of MAC, the low energy region com-
parison is shown inset of Fig. 7 a. It is clearly seen that, the theo-
retical results are highly dependent on the chemical compositions
of the samples and incident photon energies. In the low energy
region, it may be seen that the MAC decreases rapidly with the
increase in photon energy for all the samples. This result attributed
to the dominance of the photoelectric absorption process. In this
region the effective cross section is inversely proportional to the
incident photon energy. Middle energy region (about 1 MeV) is
dominated by another important process which is called Compton
scattering. In this region the MAC values decrease slowly with the
increasing energy. When Fig. 7a examined, it is clearly seen that the
sample of SSA3 has the highest MAC values in all energies among
the investigated samples. As this sample contains 96.47% of heavy
metal, the MAC values are higher than the other samples. It means
that, the sample of SSA3 has the highest effective atomic number
and electron density. In addition to MAC values, the half value layer
(HVL) of the samples are presented in the continuous energy range
in Fig. 7b. The HVL is defined as the thickness required to halve the
incoming radiation intensity. As it is seen from Fig. 6 the SSA3
sample has the smallest HVL in the investigated samples. Smallest
HVL value means that higher radiation absorption ability [27].
4. Conclusion

The new stainless steel samples were produced at the three
different content. Mass attenuation coefficients (cm2/g) and half
thickness values were calculated for six different energy gamma
radiation. Equivalent absorbed dose rates were measured; total
macroscopic cross section, mean free path and transmission num-
ber values were calculated for 4.5 MeV fast neutron particles. It was
observed both the total cross section, mean free path, transmission
number values and absorption power for fast neutron of the high-
alloyed stainless steel samples were better than the standard 316LN
type stainless steel. Neutron transmission number at 2 and 20 mm
material thickness were calculated and the results were compared
with 316 LN. It was determined that the decrease in the number of
neutrons passing through all samples was very good compared to
316 LN due to thickness increase. Acid abrasion and mechanical
strengthwere tested. Experimental studies showed that all samples
were highly resistant to acid wear. All products were found to be
able to weld according to the standards. The observed radiation
shielding ability and the good mechanical properties as well as the
high heat resistant properties of the high alloy stainless steel alloys
make them as candidate materials for nuclear apply systems. In



Fig. 6. (a-b-c). According to sample thickness neutron transmission change results.

Fig. 7. Variations of radiation shielding parameters in continuous energy range a;
MACs b; HVLs.
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general, products obtained in this study show the potential
importance for radiation shielding applications and the stainless
steel selection for nuclear reactor radiation safety.
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