
Effect of current intensity on radiological properties of joined 304L
stainless steels for photon interaction

Mehmet Büyükyıldız1

Received: 20 February 2017 / Revised: 21 April 2017 / Accepted: 26 April 2017 / Published online: 22 December 2017

© Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Chinese Nuclear Society, Science Press China and Springer Nature

Singapore Pte Ltd. 2017

Abstract Radiological properties, such as the linear

attenuation coefficient (μ), mass attenuation coefficient (μ/
ρ), half-value layer (HVL), tenth-value layer (TVL), mean

free path (MFP), and effective atomic number (Zeff), of
304L stainless steels have been investigated with respect to

photon interactions to determine the influence of current

intensity at different gamma-ray energies. 137Cs and 60Co

radioactive point sources were used to irradiate 304L

stainless steels joined at 45–70-A weld currents for the

transmission of the gamma rays at photon energies of

661.0, 1173.2, and 1332.5 keV. The μ, μ/ρ, HVL, TVL,
MFP, and Zeff of the steels were measured at the mentioned

energies, and theoretical values for pure 304L stainless

steel were calculated for comparison. The minimum dif-

ferences (%) in Zeff between pure steel and steel joined at a

weld current of 60 A were observed for relevant photon

energies; the minimum difference between the theoretical

value for pure 304L and the experimental value for joined

steel was 4.76%, and that between the experimental value

for pure 304L and the experimental value for joined steel

was 2.60% at 1332.5 keV. Moreover, the MFPs of the

joined steels were compared with that of pure 304L, and

steel joined at 60 A, which had the minimum MFP, was

compared with some radiation-shielding concretes in terms

of MFP at the same gamma-ray energies.

Keywords Effective atomic number · Mean free path ·
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1 Introduction

Stainless steels are widely used in different fields such

as the automotive industry, engineering, structural materi-

als, and nuclear technology because of their excellent

microstructural, mechanical, and physical properties. In

addition, stainless steels such as 304L have a promising

shielding property due to the presence of heavy metals such

as Cr, Fe, Ni, and Cu. Thus, these materials are extensively

used for shielding in nuclear reactors, nuclear power plants,

medical and radiation research centers, etc. Welding is a

fabrication process used to join materials and is an

important research issue in relation to 304L or other such

steels because of various applications such as nuclear

technology. Materials can be joined to determine the

parameters of the welding process and to compare base

materials or others in terms of microstructural, mechanical,

and physical properties [1, 2]. The current intensity is one

of the most important parameters affecting mechanical or

physical properties in the welding process [3].

The microstructural, mechanical, and physical proper-

ties of 304L stainless steel have been widely studied with

respect to the tensile strength, engineering stress, cooling

effects, microhardness, current or voltage effects, etc., of

the welding process [4–18]. Furthermore, the influence of

weld current on the welding process was investigated by

some researchers. Ozyurek observed the effects of weld

current (in the range of 4–9 kA) and weld atmosphere on

some properties of 304L steel [19], and he reported that the

optimum welding parameters producing the maximum
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joint strength were established at a weld current of 9 kA.

The influence of current intensity and heat input on thin

zinc-coated TRIP 800 steel plates was studied at different

welding conditions such as current intensities in the range

of 45–80 A [3]. Apart from the mechanical or

microstructural properties of stainless steels, some physical

parameters such as the linear attenuation coefficient (μ),
mass attenuation coefficient (μ/ρ), half-value layer (HVL),

tenth-value layer (TVL), mean free path (MFP), and

effective atomic number (Zeff) are very important to design

or produce new materials for shielding in nuclear physics

research, nuclear engineering, and nuclear reactors. Several

theoretical and experimental studies have been conducted

on the gamma-ray shielding of stainless steels. Akkurt

determined the photon interaction parameters of three

different steels at photon energies of 662, 1173, and

1332 keV [20]. The results were compared to theoretical

results, and the relation between these parameters and the

gamma-ray energy was discussed in detail. Singh and

Badiger theoretically investigated the radiation interaction

properties (mass attenuation coefficients, effective atomic

numbers, and electron densities) of carbon and stainless

steels in the energy region of 1 keV–100 GeV [21]. The

obtained values were compared to experimental results in

the literature, and they reported that the effective atomic

numbers of 304L obtained by different methods in the

study were equal. The radiological properties such as mass

attenuation coefficients, effective atomic numbers, and

electron densities of some carbon and stainless-steel alloys

were calculated using Geant4 and Monte Carlo n-particle

(MCNP) simulation codes at different source energies, and

the results were compared with theoretical (using the

WinXCom program) and experimental results [22]. Radi-

ation-shielding parameters such as effective atomic num-

bers and electron densities of oxide-dispersion-

strengthened steels were theoretically investigated, and

variations in these parameters were evaluated in a contin-

uous energy region [23]. The attenuation capability of

manganese austenitic stainless steel for fusion reactor

systems was investigated in terms of photon and neutron

interactions by using 60Co and 232Th radioactive sources,

and the results obtained with the two sources were com-

pared with each other [24]. However, to our knowledge,

there is no study in the literature on welding zones or areas

in terms of the radiation attenuation of materials, especially

with respect to parameters of the welding process such as

current intensity. Because the welding areas of joined

materials are exposed to radiation, such as the base mate-

rial in any radiation application, it is important to investi-

gate the radiation response of welding areas. This was the

motivation for the present study.

2 Method

The mass attenuation coefficient of a compound or

mixture can be obtained by the Beer–Lambert law at any

photon energy by,

lm ¼ l
q

� �
¼ lnðI0=IÞ

qt
ð1Þ

I ¼ I0e
�lx ¼ I0e

�lmt; ð2Þ
where I0 and I are unattenuated and attenuated photons

intensities, respectively; μ (cm−1) and lm (cm2 g−1) are

linear and mass attenuation coefficients, respectively; x
(cm) and t (g cm−2) are the thickness and sample mass

thickness (the mass per unit area), respectively; and ρ
(gcm−3) is the density of the material. The total mass

attenuation coefficient lm for any composite of elements is

given by the mixture rule:

lm ¼ l
q

� �
¼

X
i

wiðl
�
qÞi; ð3Þ

where wi ¼ niAi

�P
i niAi is the mass fraction of the ith

constituent element, Ai is the atomic weight of the ith
element, and ni is the number of atoms of ith constituent

element in the composite [25]. For determining theoretical

mass attenuation coefficients or total atomic cross sections,

the WinXCom computer program was used [26]. HVL and

TVL refer to the thickness of the material at which the

intensity of incident radiation is reduced by one half and

one-tenth, respectively, and MFP is the average distance

between two successive interactions. These parameters can

be calculated using the linear attenuation coefficient (μ)
according to the following equations:

HVL ¼ ln 2ð Þ
l

¼ 0:693

l
; TVL ¼ ln 10ð Þ

l

¼ 2:302

l
; and MFP ¼ 1

l
: ð4Þ

The total photon interaction cross section (σt) for

materials can be obtained from the measured mass atten-

uation coefficients lm using the following equation:

rt ¼ lm
P

i niAi

NA

; ð5Þ

where NA is the Avogadro number. Furthermore, the total

atomic (ra) and electronic (re) cross sections can be cal-

culated as follows:

ra ¼ rtP
i ni

and re ¼ 1

NA

X fiAi

Zi
ðlmÞi; ð6Þ

where fi is the fractional abundance of the ith element with

respect to the number of atoms, and Zi is the atomic

number of the ith element. Finally, the effective atomic
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number of the material can be determined using the total

atomic and electronic cross sections through the following

relation:

Zeff ¼ ra
re

: ð7Þ

3 Experimental

In the present study, welding conditions for steels

comprised wire feed speeds of 2.2–3.7 m/min, arc voltages

of 11.7–12.4 V, a shielding gas flow rate of 12 L/min, a

brazing travel speed of 24 cm/min, and a brazing gap of

0.5 mm. Under these conditions, which were constant for

all measurements, the steel plates of 1 mm thickness were

joined using six different weld currents: 45, 50, 55, 60, 65,

and 70 A. A sample steel plate joined with the metal inert

gas (MIG) brazing technique at 60 A and its microstructure

are shown in Fig. 1 (10 9 10 mm) as an example. The

chemical compositions of 304L steel (7.84 g/cm3) and the

welding wire (CuAl8) are listed in Table 1, and those of the

joined steels are listed in Table 2.

The experimental arrangement is shown in Fig. 2. In

order to obtain attenuated and unattenuated intensities, all

specimens were irradiated using 661.66-, 1173.23-, and

1332.50-keV gamma rays emitted from 137Cs and 60Co

point radioactive sources, which have activities of 8.83 and

3.52 μC, respectively. Attenuated and unattenuated peaks

emitted from the targets were detected by a 3″9 3″ NaI(Tl)
detector (model 905-4 Ortec-Ametek). The photomultiplier

tube (PMT) base, digiBASE (Ortec), has a diameter and

length of 6.3 and 8.0 cm, respectively. The FWHM was

equal to 46 keV at 662 keV and 65 keV at 1330 keV. PMT

is separated from the NaI crystal by a 5-mm-thick glass

window. The photodetector is protected by a 0.05-mm-

thick aluminum housing separated from the crystal by a

very thin air gap. The thickness of air between the alu-

minum and crystal and between the aluminum and photo-

multiplier is 0.25 mm at the sides and 0.2 mm at the top

and bottom. The dimensions of the integral unit in its

casing are 22.35 cm in length, 8.2 cm in diameter at the

crystal part, and 5.8 cm in diameter at the photomultiplier

part. All data were analyzed using the Genie-2000 soft-

ware. The data were collected into a multichannel analyzer

(MCA) with 4096 channels and further analyzed using the

demo version of Origin 7.5 software program.

4 Results and discussion

The error was determined from errors in the number of

counts read by the software and in measuring the thickness

of materials, as given as follows [27]:

Dl ¼ 1

x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DI0
I0

� �2

þ DI
I

� �2

þ ln
I0

I

� �2 Dx
x

� �2
s

: ð8Þ

From this equation, the error in linear attenuation

coefficients was found to be within 3%. The welding pro-

cess is very important, and its parameters such as current

intensity and weld atmosphere can affect the similarities or

dissimilarities between the base material and welding area

in terms of mechanical and physical properties such as

radiological properties. To show this effect, the samples

obtained from the welding area of 304L stainless steels

joined at weld currents of 45, 50, 55, 60, 65, and 70 A were

irradiated using 137Cs and 60Co radioactive point sources.

Then, attenuated and unattenuated intensities were mea-

sured at the source energies. The typical spectra of gamma

rays with and without attenuation by the sample joined at

60 A are shown for the 137Cs source in Fig. 3.

The linear attenuation coefficient (μ), mass attenuation

coefficient (μ/ρ), HVL, TVL, and MFP of pure (theoretical)

and joined 304L stainless steels for different photon ener-

gies are listed in the weld-current range of 45–70 A in

Table 3. It can be seen from the table that the linear and

mass attenuation coefficients depend on the photon energy

and decrease with increasing photon energy. This is due to

fact that more photons are attenuated at lower photon

energies, while the probability of photon attenuation is

reduced with the increase of photon energy [28]. HVL and

304L304L

Welding area

(a)

(b)(b)

Fig. 1 (Color online) Images of joined area and its microstructure (at

a weld current of 60 A) of 304L stainless steel

Table 1 Chemical compositions of 304L steel and copper-based wire

(CuAl8)

C Si Mn P S Cr Ni N Fe

304L stainless steel

0.021 0.38 1.80 0.33 0.002 18.20 9.10 0.054 rest

Al Mn Fe Sn Cu

Welding wire

8.0 \ 0.5 \ 0.5 \ 0.5 Rest
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TVL are also very useful to identify a suitable specimen for

gamma-ray shielding applications, and lower HVL and

TVL values are required in applications for better radiation

shielding. The values of HVL and TVL of pure (theoreti-

cal) and joined 304L stainless steels at different weld

currents for the same photon energies are listed in Table 3.

Generally, the values of HVL and TVL increase with

increasing photon energy, as is expected based on the

attenuation coefficients. In addition, the table indicates that

HVL and TVL decrease with weld current from 45 to 60 A,

and they have the minimum values at 60 A (difference (%)

between pure (theoretical) and joined 304L stainless steels

is minimum). This may be due to fact that different current

intensities result in different heat inputs in the welding area

Table 2 Chemical compositions of joined 304L steels (welding area) from X-ray fluorescence

J. steels (A) C N Al Si P S Cr Mn Fe Ni Cu Sn

45 0.010 0.044 11.257 0.935 1.450 0.001 12.454 1.550 48.025 3.048 21.231 0.002

50 0.022 0.030 9.257 0.935 1.550 0.002 13.554 1.750 50.135 3.548 19.221 0.001

55 0.015 0.035 9.257 0.535 0.505 0.001 11.454 1.250 53.235 3.608 20.111 0.002

60 0.018 0.038 7.557 0.535 0.505 0.002 13.454 1.050 48.585 3.248 25.011 0.001

65 0.010 0.013 9.557 0.835 0.535 0.001 14.454 0.705 46.585 3.508 23.801 0.002

70 0.019 0.027 10.557 0.635 0.305 0.001 18.454 1.060 40.565 9.548 18.831 0.002

Fig. 2 (Color online) Experimental set up for the transmission of

gamma rays
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Fig. 3 (Color online) Typical spectrum of rays attenuated and

unattenuated by steel (at a weld current of 60 A) for a 137Cs source

Table 3 μ, (µ/ρ), HVL, TVL, and MFP of 304L and joined steels for

different photon energies at various current intensities

keV 304L (Th) 45 A 50 A 55 A 60 A 65 A 70 A

μ

661.0 0.554 0.493 0.502 0.502 0.527 0.525 0.523

1173.2 0.417 0.375 0.381 0.381 0.382 0.382 0.380

1332.5 0.391 0.354 0.358 0.359 0.366 0.360 0.358

µ/ρ(cm2/g)

661.0 0.074 0.067 0.067 0.067 0.069 0.069 0.069

1173.2 0.054 0.051 0.051 0.051 0.051 0.051 0.051

1332.5 0.052 0.048 0.048 0.048 0.048 0.048 0.048

HVL

661.0 1.251 1.405 1.382 1.381 1.318 1.319 1.325

1173.2 1.663 1.851 1.820 1.818 1.815 1.817 1.822

1332.5 1.773 1.960 1.935 1.931 1.895 1.927 1.938

TVL

661.0 4.155 4.667 4.590 4.589 4.378 4.383 4.400

1173.2 5.523 6.148 6.045 6.038 6.033 6.035 6.053

1332.5 5.891 6.511 6.426 6.414 6.294 6.402 6.438

MFP

661.0 1.804 2.027 1.993 1.993 1.903 1.903 1.911

1173.2 2.399 2.670 2.625 2.622 2.621 2.621 2.629

1332.5 2.558 2.828 2.791 2.785 2.734 2.781 2.796
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[3], causing different melting chemical compositions, as

indicated in Table 2, because the other welding conditions

are constant for all welding processes. Furthermore, it is well

known that shielding parameters such as attenuation coeffi-

cients depend on the chemical composition and incident

photon energy [20, 21, 27]. Table 3 also lists the MFP values

of the investigated materials, which show the same energy

and weld-current dependences as HVL and TVL because of

the relation to the attenuation coefficients. The differences

(%) in MFP between pure (theoretical) and joined 304L

stainless steels at different weld currents were calculated at

the same photon energies, as shown in Fig. 4. It can be clearly

seen from this figure that the minimum differences (%) in

MFP were observed at a weld current of 60 A for different

photon energies. The obtained MFP results are compared

with the MFP values of some standard radiation-shielding

concretes at the same photon energies in Fig. 5 [29]. The

figure shows that ilmenite has the lowest MFP among the

shielding concretes, but base and joined (at 60A) 304L steels

have even lower MFP values. This is because the steels have

higher densities than the corresponding shielding concretes,

which have densities in the range of 2.30–3.50 g/cm3.

Therefore, it can be reported here that because of the lower

MFP values, pure and joined 304L steels are better radiation-

shielding materials than standard shielding concretes.

The effective atomic numbers of materials were deter-

mined at the studied photon energies and different weld

currents, as listed in Table 4. The table indicates that the

effective atomic numbers of joined 304L stainless steels

increase with increasing gamma-ray energy from 661 to

1332 keV because the cross section of the photoelectric

process varies inversely with the incident photon energy

[30]. In addition, the maximum values of effective atomic

number were observed at a weld current of 60 A, at which
the value of Zeff is the nearest to that of base 304L steel at

all photon energies. The differences (%) in Zeff between
304L (theoretical) and joined (experimental) steels, and

between 304L (experimental) and joined (experimental)

steels were calculated at different gamma-ray energies for

comparison, as shown in Figs. 6 and 7. It can be clearly

seen from the figures that the minimum differences (%) in

Zeff between 304L (theoretical or experimental) and joined

(experimental) steels were observed at a weld current of

60 A for all photon energies, and the differences (%) in Zeff
between experimental results are smaller than between

experimental and theoretical results.

5 Conclusion

In the present study, the linear attenuation coefficient

(μ), mass attenuation coefficient (μ/ρ), HVL, TVL, MFP,

and effective atomic number (Zeff) of 304L stainless steels
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Fig. 4 (Color online) Differences (%) in MFP between pure

(theoretical) and joined 304L stainless steels at different weld currents

Fig. 5 (Color online) Values of MFP for pure and joined (at a weld

current of 60 A) steels and those of some standard concretes

Table 4 Zeff values of materials at different photon energies

Th 661.0 (keV) 1173.2 (keV) 1332.5 (keV)

304L 25.62 25.62 25.62

Exp

304L 24.85 24.96 25.05

45 A 23.11 23.18 23.33

50 A 23.48 23.63 23.70

55 A 23.58 23.76 23.85

60 A 24.04 24.26 24.40

65 A 23.61 23.75 23.86

70 A 23.42 23.58 23.64
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joined at weld currents in the range of 45–70 A have been

investigated with respect to photon interactions to show the

influence of current intensity for the first time. By inves-

tigating the materials in terms of radiation response, we

found that differences in shielding parameters are an

important factor for developing a new production process

involving welding and for the design of materials because

it is desired that base and joined materials show similar

features with regard to mechanical and/or physical

parameters. The minimum differences (%) in MFP between

base 304L (theoretical) and joined 304L (experimental)

steels were observed at a weld current of 60 A as 5.44,

9.24, and 6.85% at photon energies of 661, 1173, and

1332 keV, respectively. Furthermore, the minimum

differences (%) in Zeff between pure and joined 304L steels

were observed at a weld current of 60 A for relevant photon

energies; the minimum differences between 304L (theo-

retical) and joined (experimental) steels were 6.17, 5.31,

and 4.76%, and between 304L (experimental) and joined

(experimental) steels were 3.26, 2.81, and 2.60% at 661,

1173, and 1332 keV, respectively. From the results, it can

be said that a weld current of 60 A is optimum for welding

304L stainless steel (with the MIG brazing technique) in

terms of radiation-shielding properties, if the other welding

conditions such as gas flow rate are almost constant, thus

cannot be considered as a true constant. The effects of

other welding parameters such as weld atmosphere on

radiation interaction or shielding should be very interesting

to study; more experimental data are required to clarify

such effects.
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