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In this study, we report on an investigation of proton radiation resistance of 410 martensitic stainless steels

under 3 MeV proton with the doses ranging from 1.0 × 1015 to 1.0 × 1017 p/cm2 at the temperature 623 K.

Vibrating sample magnetometer (VSM) and X-ray diffractometer (XRD) were used to study the variation of

magnetic properties and structural damages by virtue of proton irradiation, respectively. VSM and XRD

analysis revealed that the 410 martensitic stainless steels showed proton radiation resistance up to 1017 p/cm2.

Proton energy degradation and flux attenuations in 410 stainless steels as a function of penetration depth were

calculated by using Stopping and Range of Ions in Matter (SRIM) code. It suggested that the 410 stainless steels

have the radiation resistance up to 5.2 × 10−3 dpa which corresponds to neutron irradiation of 3.5 × 1018 n/cm2.

These results could be used to predict the maintenance period of SUS410 stainless steels in fission power plants.
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1. Introduction

Application of magnetic materials in fission power

plants can be limited by the problem of finding the

relevant materials with sufficient resistance to neutron

irradiation [1]. Possessing outstanding magnetic and

mechanical properties by virtue of their intrinsic nature,

magnetic stainless steels have been generated a lot of

interest and evolved as very strong candidate materials in

the fission power plants [2-5]. Ferritic and martensitic

stainless steels are usually categorized as magnetic stain-

less steels since they exhibit a high magnetic permeability.

Whereas, the austenitic stainless steels are often described

as non-magnetic steels as their magnetic permeability is

quite negligible [3-5]. Magnetic permeability values for

the magnetic steels whose principal metallic phases at

room temperature are ferrite and martensite are usually

high (~14), whereas, the non-magnetic steels have a mag-

netic permeability of 1.0 or slightly more. Austenitic

stainless steels fall into this latter category because their

austenitic structure at room temperature favors in low

magnetic permeability [3-5]. 

400 stainless steel series are generally martensitic and

free from austenite, so they exhibit high permeability and

attract a lot of attention in the applications of magnetic

devices [2-5]. These series of steels can be magnetized in

the low electric field so that they can be used for electric

solenoid cores. Among the various 400 series, 410 stain-

less steels, which are heat treatable alloys with a lower Cr

and higher carbon content, have excellent creep strength

and corrosion resistance and are suitable for high-temper-

ature operation [6-8]. Therefore, they become strong

candidates for structural, as well as promising magnetic

materials for next generation fission power plants. For

example, 410 stainless steels attract a lot of attention for

potential applications in in-vessel magnetic cores, where

good corrosion resistance is required. However, the radia-

tion effects on the magnetic properties of the 410 stainless

steels, which are crucial for the application of 410 stain-

less steels in the in-vessel magnetic cores, are not investi-
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gated well in detail. 

In this work, we have investigated the effects of proton

irradiation on the magnetic properties of 410 stainless

steels in order to understand the correlation between

irradiation damage and magnetic property degradation.

Proton irradiation was used to simulate neutron irradiation

since it imparts same damages as neutron irradiation and

also can provide short irradiation time and high damage

rate [9, 10]. And also, the penetration depth and trans-

mutation in proton irradiation is very less [11, 12].

Temperature dependent magnetic properties were also

investigated in order to check the possibility of a high-

temperature operation. 

2. Experiments

The thin 410 stainless steel plates (~35 µm) for the

proton irradiation were prepared by mechanical polishing

and finally polished by diamond suspension to avoid the

surface roughness effect on the magnetic properties of the

samples. A 3MV pelletron accelerator in Michigan Ion

Beam Laboratory (MIBL) system was used for proton

irradiation experiments. The ion beam accelerator includ-

ing the quadrupole focusing unit and the ion beam can be

irradiated to cover a uniform area of about 100 mm2. A

temperature-variable sample holder was used to maintain

the sample temperature at 632 K during the proton

irradiation. The amount of the dose was varied from 1 ×

1015 to 1 × 1017 p/cm2. The magnetic and structural pro-

perties of the 410 stainless steels before and after the

irradiation have been investigated by using vibrating

sample magnetometer (VSM) in the temperature range of

300-700 K and X-ray diffractometry (XRD), respectively.

3. Results and Discussion

The penetration depth of proton highly depends on the

acceleration energy, thereby the proton energy degrada-

tion and flux attenuations of 410 stainless steels as a

function of penetration depth was simulated by using

Stopping and Range of Ions in Matter (SRIM) program.

Figure 1 shows that the penetration depth of proton into

the stainless steels was changed from 1.6 to 1820 µm by

varying proton incident energy (Ep) from 3 keV to 30

MeV when the fluence was 1 × 1014 p/cm2. Proton radia-

tion damages defined by displacement per atom (dpa) due

to exposure of proton was also calculated and plotted

in Fig. 1. Contrary to the penetration depth, the average

radiation damages were reduced from 4.9 × 10−5 to 3.3 ×

10−6 dpa as Ep increased from 3 keV to 30 MeV. By

considering irradiation time and sample thickness, we

chose Ep = 3 MeV and prepared the samples with the

thickness of ~35 µm to guarantee proton penetration into

the materials. In the proton irradiation experiment, the

proton fluence (Fp) was varied from 1 × 1015 to 1 × 1017

p/cm2 and sample temperature was fixed to 632 K. 

To investigate the effect of proton irradiation on the

magnetic properties of martensitic stainless steels, we

measured magnetic hysteresis loops by using VSM before

and after the irradiation. Figure 2a shows the measured

magnetic hysteresis loops by varying Fp from 1 × 1015 to

1 × 1017 p/cm2. For all samples, the saturation magnetic

field is measured around 1,000 ± 1.5 Oe and the coer-

civity was around 17 ± 1.5 Oe. The inset shows the

Fig. 1. Proton penetration depth and proton induced damages

in dpa for stainless steels calculated by SRIM code. 

Fig. 2. (Color online) (a) Magnetic hysteresis loops of the

stainless steel samples after 3 MeV proton irradiation with the

doses ranging from 1015-1017 p/cm2 measured at 300 K. (b)

Variation of saturation magnetization with respect to proton

irradiation.
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zoom-in plot from −100 Oe to 100 Oe and Fig. 2b shows

the variation of saturation magnetization loops by varying

Fp from 1 × 1015 to 1 × 1017 p/cm2. It clearly shows that

the magnetic properties of 410 stainless steels were not

affected by the proton irradiations up to 1017 p/cm2. As

shown in Fig. 2, all the hysteresis parameters including

the saturation magnetization (Ms), coercivity, remanent

magnetization, and saturation magnetic field were only

changed within the experimental errors due to the proton

irradiation up to 1017 p/cm2. 

Temperature dependence of magnetization curves was

measured in order to examine the effects of proton

irradiation on the high-temperature magnetic properties of

the samples. During the measurements, the applied mag-

netic field was fixed to 1000 Oe. Figure 3 shows the

magnetization vs. temperature curves by varying the Fp

from 1 × 1015 to 1 × 1017 p/cm2. A reduction of saturation

magnetization and coercivity were observed as compared

to room temperature measurements. However, similar to

the hysteresis measurements, it also shows that the temper-

ature dependence of magnetic properties of martensitic

stainless steels is not significantly affected by proton

irradiation. The magnetic hysteresis loops measured at

700 K by varying Fp from 1 × 1015 to 1 × 1017 p/cm2 were

shown in Fig. 4. Irrespective to the proton irradiation, the

saturation magnetization and coercivity were measured

around 152 ± 2.3 emu/g and 10 ± 1.5 Oe, respectively. 

In general, the magnetic properties of magnetic materials

have a close relationship with their structural properties.

Therefore, structural properties of 410 stainless steels by

varying the proton irradiation were also investigated using

XRD measurements. The XRD patterns of the irradiated

samples are presented in Fig. 5. As shown in Fig. 5, all

the patterns are mainly composed of typical martensitic

(α) phases. Equivalent XRD patterns can be observed for

different irradiation fluence, which implies that the effect

of proton irradiation on the structural properties of stain-

less steels is negligible. It also suggests that the 410

martensitic stainless steels have the proton radiation re-

sistance up to 1017 p/cm2. It is worthwhile to mention that

the neutron radiation resistance of martensitic stainless

steels can be calculated from the observed proton re-

Fig. 3. Magnetization vs. temperature curves of the stainless

steel samples after 3 MeV proton irradiation with the doses

ranging from 1015-1017 p/cm2.

Fig. 4. Magnetic hysteresis loops of the stainless steel samples

measured at 700 K after 3 MeV proton irradiation with the

doses ranging from 1015-1017 p/cm2.

Fig. 5. XRD patterns of the stainless steel samples before and

after 3 MeV proton irradiation with the doses ranging from

1015-1017 p/cm2.
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sistance. The calculated dpa (5.2 × 10−3 dpa for Fp =

1 × 1017 p/cm2) can be converted to neutron fluence using

a representative displacement cross section (1.5 × 10−21

dpa × cm2/n, E > 1.0 MeV), which is a typical value for

research reactor [13]. The corresponding neutron fluence

was calculated to 3.5 × 1018 n/cm2, which implies that

magnetic and structural properties of 410 stainless steels

have neutron resistance up to 3.5 × 1018 n/cm2.

4. Conclusion

We investigated proton radiation resistance of 410

stainless steels by measuring the magnetic and structural

properties using VSM and XRD. The 35 µm thick samples

of 410 stainless steels were exposed to the proton beam of

3 MeV with the fluence ranging 1015-1017 p/cm2. Signi-

ficant changes of magnetic properties and structural pro-

perties due to the proton irradiation up to 1017 p/cm2 were

not observed. This suggests that the 410 stainless steels

have the radiation resistance up to 5.2 × 10−3 dpa which

corresponds to neutron irradiation of 3.5 × 1018 n/cm2.

These results could be used to predict the maintenance

period of SUS410 stainless steels in fission power plants.
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