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Usability of welding arc electromagnetic radiation 
in diagnosing a MAG welding process

Abstract: The study presents ideas and test results related to an unconvention-
al method of MAG welding process monitoring making use of welding arc radi-
ation in the visible range. The experiments conducted indicate the direction of 
further research on the phenomenon of welding arc radiation and the possibili-
ties of using it for on-line monitoring of other welding processes. The recording 
of spectral distribution was made using a spectrophotometric card. The stability 
of a welding process was assessed using the least squares sum remainder method. 
Recorded signals were modelled using polynomials and the optimum polynomi-
al order was selected using the F-test method. The study presents the impact of 
welding current intensity and of a filler metal type on the distribution of weld-
ing arc visible radiation spectrum. 
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Introduction 
Typical welding processes such as arc weld-

ing, laser beam welding or electron beam weld-
ing can be perceived as a system having inputs 
and outputs. Theoretically, all the properties of 
a weld, and those of HAZ, are treated as outputs 
and must meet strictly specified requirements, 
e.g. those related to mechanical properties or 
microstructure. In turn, adjustable welding pro-
cess parameters, e.g. welding current, arc volt-
age, filler metal feeding rate and welding rate 
can be treated as inputs and should be appropri-
ately selected in order to ensure required joint 
properties. Therefore, the main task of welding 
personnel (engineers) is to select a proper weld-
ing process and adjust welding parameters, i.e. 
input data to a system, in order to obtain a re-
quired welding joint quality, i.e. required values 

at the output of a system. To this end it is nec-
essary to carry out experimental tests such as 
making test joints, conducting required NDT 
and destructive testing as well as specifying 
the range of values at the output of a system, 
i.e. joint properties. In many applications the 
adjustment of proper parameters (input data) 
ensures obtaining a joint quality level (output 
data) as required by related regulations and 
standards. However, it should be noted that 
welding conditions such as the geometry of a 
joint and the chemical composition of a base 
metal should be contained within a range, for 
which experimental tests have been carried out 
and for which welding parameters have been 
adjusted. If welding conditions change and no 
longer correspond to a range taken into consid-
eration, joint properties may also diverge from 
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adopted assumptions – output data will be out-
side the range. A welding process treated as a 
system (Fig .1) has inputs depending on weld-
ing conditions (welding parameters adjusted 
with a device) which can be changed and con-
trolled as well as disturbances - uncontrolled 
changes of welding parameter values or weld-
ing process disturbances caused by e.g. impuri-
ties on the surfaces of elements being welded [1].

One of the methods informing about the 
proper operation of a system is welding pro-

cess monitoring which might help limit the use 
of NDT, and thus significantly reduce produc-
tion costs. On-line welding process monitor-
ing methods should become part of the whole 
production system. Depending on the place at 
which a monitoring process is carried out, there 
can be three groups of systems which control [2]:
 – preparation of a joint before welding, e.g. 
weld groove geometry inspection,

 – welding process during making a joint,
 – finished joint prior to NDT. 

Monitoring welding processes (during mak-
ing a joint) can be carried out using conven-
tional and unconventional methods. The first 
group includes the measurements and record-
ings of signals coming from a welding circuit, 
usually welding current and welding arc voltage 
[3]. Less popular are the measurements of weld-
ing rate, shielding gas flow intensity and those 
of filler metal feeding rate [1]. These methods 
are cheap and usually do not require the use 
of complicated measuring systems. However, 
it should be noted that in the case of record-
ing and archiving many data collected from 
various test rigs, requirements related to the 
system increase both as to its efficiency and 
data transfer methods. Presently developed and 

implemented are multi-rig systems [4]. In many 
cases, conventional methods must be support-
ed or even replaced with unconventional ones, 
which are based mainly on the measurements 
of signals emitted from a welding area. An arc 
welding process can be diagnosed with uncon-
ventional methods, for instance, involving sys-
tems based on measurements of sounds [3, 5] or 
arc electromagnetic radiation intensity [6, 7, 8]. 
Quick filming methods are also a very useful 
technique [1, 9], particularly if supported by ad-
vanced image analysis methods [10]. Welding 
process stability assessments can be conduct-
ed with numerous methods. The most popular 
of them include the time and frequency anal-
ysis of recorded signals [4, 11]. Often used are 
also artificial neural networks [3, 12], fuzzy set 
methods [13] and genetic algorithms [14].

This study explores arc electromagnetic radi-
ation intensity used for controlling a MAG weld-
ing process. Radiation spectrum distribution 
was recorded using a spectrophotometric card. 
The stability of a process was determined using 
the least squares method. The objective of the 
study was to determine the usability of weld-
ing arc electromagnetic radiation in diagnosing 
a MAG welding process. Elements taken into 
consideration were the changes of technologi-
cal parameters and the impact of welding pro-
cess disturbances.

Testing methodology
Tests were carried out on an automatic MIG/

MAG welding station. The scheme of the station 
along with information flow directions is pre-
sented in Figure 2. The distribution of a weld-
ing arc radiation spectrum was recorded with a 
PCI 2000 ISA-A spectrophotometric card, based 
on a CCD Sony model ILX511 converter. The card 
operated in a range from 340 to 860 nm and 
was PC-controlled.

The sampling frequency of the spectropho-
tometric card was 3 kHz. A welding arc was 
treated as a spot light source. The tests involved 
the measurements of welding current, welding 
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variables
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Fig. 1. Welding process as a system [1]
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arc voltage, filler metal feeding rate and arc ra-
diation intensity with a frequency of 20 kHz. 
Current intensity was measured with a PR 1001 
clamp meter, arc voltage was measured with an 
LV 25P converter, and a filler metal feeding rate 
was measured using an E21 MPL10 converter. A 
PIN BPW34 photodiode was used for radiation 
intensity measurements. Signals from a weld-
ing circuit were recorded with a IPP-2 monitor-
ing device, designed at Instytut Spawalnictwa 
[15]. The device is based on a National Instru-
ments SCXI measurement system consisting of 
a module composed of SCXI-1125 input signal 
cards and an NI DAQ 6036 E measuring card.

During testing the impact of welding cur-
rent intensity on the distribution of an arc 

radiation spectrum, the welding torch re-
mained unmoved and the test plate was shift-
ed. During testing the impact of disturbances 
on electromagnetic radiation the plate re-
mained unmoved and the welding torch was 
shifted. In both cases the optical system re-
mained unmoved in relation to the welding 
torch. The distribution of a spectrum was re-
corded while making overlay welds on a 20 
mm thick S235JR grade steel plate. The tests 
also involved the use of an OK Autrod 12.64 
(PN-EN ISO 14341 G4Si1) filler metal wire by 
ESAB (dia. 1.2 mm). A shielding gas used in the 
tests was Ferromix C18 (PN-EN ISO 14175 - M21) 
by Messer. The tests were carried out with 
welding parameters presented in Table 1. The 

Test rig

Welding arc
radiation
spectrum

Spectrophotometric
card PC (control and data 

collection)

Welding current,
Welding arc voltage,
Filler metal feeding rate,
Welding arc
radiation intensity;

Measuring system

Data analysis

Fig. 2. Scheme of test rig with information flow directions

Table 1. MAG method welding parameters

No.
Welding 
current 

[A]

Arc 
voltage 

[V]

Overlay 
welding rate 

[cm/min]

Overlay 
welding 

linear energy 
[kJ/cm]

I 104 16.5 27 4.8
II 130 18.0 30 6.5
III 235 25.5 40 16.7
Remarks: Shielding gas flow rate 14 l /min. 
Parameters were adjusted experimentally for 
ensuring proper overlay weld shape

10 mm

I II III

Fig. 3. Macrostructure of overlay welds made with 
parameters presented in Table 1
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welding power source was an OZAS MAGO-
MIG550 device with an OZAS ZP-15 filler metal 
wire feeder. Figure 3 presents the macrostruc-
tures of overlay welds obtained.

This study also involved the determination of 
the impact of a filler metal on a welding arc ra-
diation spectrum. Four filler metal wires differ-
ing in their chemical composition were selected 
for the tests (Table 2). The tests were carried 
out on a 20 mm thick S235JR grade steel sheet. 

Prior to overlay welding the surface of the 
plate was cleaned mechanically. The tests were 
carried out with the following technological 
conditions:
 – welding current 160 A,
 – welding arc voltage 21.2 V, 
 – shielding gas flow rate 12 l/min,
 – overlay welding rate 18 cm/min,
 – filler metal wire diameter 1.2 mm. 

The results of macroscopic tests of overlay 
welds obtained are presented in Figure 4. Fol-
lowing grinding, the samples were etched with 
the Adler’s reagent. 

The second stage of the tests involved the de-
termination of the impact of welding process 

disturbances on the radiation of a welding arc 
in the MAG method. The disturbance to a weld-
ing process consisted in placing a filler met-
al (a filler metal wire section with a diameter 
of 2.4 mm) in a weld groove. The purpose of 
placing the filler metal was to trigger welding 
imperfections. Figure 5 presents the view of a 
joint made after causing the disturbance. The 
areas in which the filler metal was placed are 
marked. A welded joint was made with the fol-
lowing welding parameters:
 – welding current 160 A,
 – welding arc voltage 21.2 V,
 – welding rate 18 cm/min,
 – joint thickness 4 mm, V-bevelled.

Table 2. Characteristics of filler metal wires

No. Trade name/ 
manufacturer

Designation 
according to 

standard

Chemical 
composition 

[%]
Intended use

I
OK Autrod 

12.64, 
ESAB

PN-EN ISO 14341 
- A-G4Si1

C – 0.10; Mn – 
1.7; Si – 1.0

Copperised solid electrode wire with manga-
nese and silicon additions, intended for MIG/

MAG (GMAW) welding of unalloyed steels, with 
a minimum yield point below 460 MPa.

II A 101, 
Interweld

PN-EN 13347- 
CF309G

PN-EN ISO 24373 
Cu6100

Al – 8.0; 
Mn – 0.3; 

Cu – remainder

Wire for welding and overlay welding of 
aluminium bronzes, for joining aluminium 
bronzes with steels, for joining steels with 

copper and its alloys.

III Robodur K 450, 
Welding Alloys

PN-EN 14700 - 
T Fe2

C – 0.40; 
Mn – 1.5; 
Si – 0.70 

Cr – 2.50; 
Mo – 0.50

Wire for rebuilding (regeneration overlay 
welding) for rolled and forged elements

IV A 7 
Buehler

PN EN ISO 
14343 – 

G 18 8 Mn

C-0.08, 
Si-0.9; 

Mn-7.0; 
Cr-19.2; 
Ni-9.0

Alloy wire for welding and overlay welding, for 
making dissimilar joints and buffer layers. 

10 mm

I II III IV

Fig. 4. Macrostructure of overlay welds made with 
welding current of 160 A using filler metals wires 

presented in Table 2
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Test results and analysis

The first stage of the tests aimed to deter-
mine the impact of welding current intensity 
and that of a filler metal type on the distri-
bution of welding arc electromagnetic radi-
ation spectrum in the range 340 – 860 nm. 
The distribution of MAG welding arc radiation 
spectrum in the wavelength range 360-500 nm 
is presented in Figure 6, in the range 480-700 
nm in Figure 7, and in the range 680-800 nm in 
Figure 8. Diagrams are presented in a semi-log-
arithmic scale.

As presented in Figures 6, 7 and 8, an in-
crease in welding current intensity (linear en-
ergy) causes an increase in welding arc radia-
tion intensity in the whole range measured. In 
order to calculate the characteristic quantities 
of a spectral line (intensity, central line and 
half-value width FWHM - Full Width at Half 
Maximum) each single spectral line was mod-
elled with three functions, i.e. Lorentz, Gauss 
and Voigt functions (Fig. 9). Modelling was 
carried out for single spectral lines as well as 
for many lines simultaneously. Matching the 
spectral lines with proper elements was based 
on the atlases of spectral lines. The tests re-
sults revealed that metal vapours are the main 
source of welding arc radiation in the MAG. 
Among the spectral lines the lines correspond-
ing to iron and manganese were selected. No 
spectral lines connected with the shielding gas 
were detected. A detailed spectrum distribution 

Fig. 6. Impact of welding current intensity on distribution 
of welding arc radiation spectrum in wavelength range 

360-500 nm. Semi-logarithmic scale
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Fig. 7. Impact of welding current intensity on the distri-
bution of welding arc radiation spectrum in wavelength 

range 480-700 nm. Semi-logarithmic scale
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Fig. 8. Impact of welding current intensity on the distri-
bution of welding arc radiation spectrum in wavelength 

range 680-800 nm. Semi-logarithmic scale
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Fig. 5. View of welded joint made after introducing distur-
bance in the form of filler metal placed in weld groove
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analysis was presented in the publication [7]. 
The results of the measurements of welding arc 
spectrum distribution depending on the type of 
a filler metal wire are presented in Figures 10-12.

As can be seen in Figures 10-12, the type of a 
filler metal significantly affects the radiation of 
a welding arc which results from the fact that 
in welding with a filler metal some liquid met-
al coming from the tip of a filler metal wire is 
supplied to the area of an arc. The emission of 
the ions of chemical elements composing a giv-
en filler metal wire contributes to the overall 
emission of welding arc radiation.

The second stage of the tests aimed at the 
determination of welding process disturbanc-
es on arc radiation intensity. Figure 5 presents 
the view of a test plate. 

In the area of distur-
bance 1, it was possible 
during metallographic 
tests to observe exces-
sive root penetration 
as well as no penetra-
tion. In turn, the area of 
disturbance 2 revealed 
the incomplete filling 
of a weld groove. The 
results of radiograph-
ic tests in the form of a 
welded joint radiogram 
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Fig. 10. Distribution of welding arc radiation spectrum in 
MAG method depending on filler metal wire in a wave-

length range from 360 to 500 nm. Semi-logarithmic scale
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length range from 480 to 700 nm. Semi-logarithmic scale
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are presented in Figure 13. They revealed that 
the joint was free from other welding imperfec-
tions. Figure 14 presents the results of macro-
scopic metallographic tests of the characteristic 
areas of a joint. Figure 15 presents the waveform 
of welding arc radiation intensity with marked 
areas of disturbances.

The assessment of the stability of a welding pro-
cess based on the measurement of welding arc 
radiation intensity involved the least squares 
method [16,17]. A signal was modelled using a 
third-order polynomial: 

y=a0 + a1x + a2x2 + a3x3 + ε (1)

where:
y – arc radiation intensity,
x – time,
ai – constants,
ε – difference between a real value and a re- 
main der.
In order to calculate the residual it is necessary 
to solve a matrix equation:

Y≈Xβ (2)

where:
Y– matrix of arc radiation intensity,
X – time matrix,
β – matrix of coefficients.

The residual is calculated using the following 
equation: 

where:
2M+1 – number of samples used in the model.

During calculating equations (2) and (3) it 
was assumed that M=10, at a step of 100. The 
determination of places demonstrating the in-
stability of a welding process was carried out by 
means of modelling with polynomials. The final 
stage of the modelling process was the selection 
of the optimum order of a polynomial. For this 
purpose the F-test method [18] was used. On 
the basis of previous assumptions concerning 
the least squares method, the residual εP deter-
mining the accuracy of modelling by means of 
polynomials: 

where
ε – remainder from equation 3,
Y – value of polynomial function, 
n – number of data. 

The matching of a function was carried out 
for 50 various polynomials. The residual εP was 
calculated in accordance with the equation (4). 
The impact of a polynomial order on the result 
of modelling (residual εP) is presented in Fig-
ure 16. The best results were obtained for the 
28-order polynomial (Fig. 17). Figure 18 pre-
sents the result of modelling with the 28-order 
polynomial.

Summary
The study discusses the impact of MAG weld-

ing conditions on welding arc radiation. The 
tests conducted enable the formulation of the 
following conclusions:
 – increase in linear energy causes an increase 
in welding arc radiation intensity,

 – distribution of a welding arc radiation spectrum 
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in the MAG method depends on a the filler 
metal type,

 – welding arc electromagnetic radiation is use-
ful in diagnosing MAG welding processes,

 – places demonstrating the instability of a weld-
ing process were detected using the least 
squares method; 28-order polynomial ena-
bled the most accurate matching.
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