Feasibility study of imaging spectroscopy
to monitor the quality of online welding

Jesus Mirapeix,* P. Beatriz Garcia-Allende, Adolfo Cobo,
Olga M. Conde, and José M. Lopez-Higuera
Laboratorios 1&D Telecomunicaciones, Department of Electronics Technology, Systems and

Automation Engineering (TEISA),Grupo de Ingenieria Fotonica—Universidad de Cantabria,
Avda. Los Castros s/n, 39005 Santander, Spain

*Corresponding author: jesus.mirapeix @ unican.es

Received 26 September 2008; revised 17 July 2009; accepted 29 July 2009;
posted 3 August 2009 (Doc. ID 102114); published 13 August 2009

An online welding quality system based on the use of imaging spectroscopy is proposed and discussed.
Plasma optical spectroscopy has already been successfully applied in this context by establishing a direct
correlation between some spectroscopic parameters, e.g., the plasma electronic temperature and the re-
sulting seam quality. Given that the use of the so-called hyperspectral devices provides both spatial and
spectral information, we propose their use for the particular case of arc welding quality monitoring in an
attempt to determine whether this technique would be suitable for this industrial situation. Experimen-
tal welding tests are presented, and the ability of the proposed solution to identify simulated defects
is proved. Detailed spatial analyses suggest that this additional dimension can be used to improve
the performance of the entire system. © 2009 Optical Society of America

OCIS codes:

1. Introduction

By acquiring the information that comes from the
interaction of light and materials, distinct spectro-
scopic techniques have been proposed to solve a wide
range of problems in a variety of situations from bio-
medical research [1] to environmental monitoring
[2], semiconductor processing [3], or the analysis of
art or archeological findings [4]. An area in which
this kind of noncontact solution has found great ac-
ceptance is the online quality monitoring of indus-
trial processes, for example, in the food and fruit
industry [5,6]. Recently, imaging spectroscopy has at-
tracted great attention in this field, although it has
been typically employed for remote sensing [7]. The
ability of the so-called multispectral or hyperspectral
devices to provide a two-dimensional data set with
both spectral and spatial information can be a rele-
vant asset within this framework, especially if the
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material under analysis is transported by means of
a conveyor belt. Some research has already dealt
with quality monitoring in the food [8] and tobacco
[9] industry by use of this approach with promising
results.

Another good example of the necessity to use on-
line quality monitoring systems in industrial envi-
ronments can be found in both arc and laser welding.
These processes are extensively used in the manu-
facture of airplanes, automobiles, and heavy compo-
nents for nuclear power stations, to mention just a
few examples for which quality requirements are in
demand. Different approaches have been considered
to solve the problem of detecting weld defects online,
such as the analysis of acoustic emission produced
during the process [10] or the use of machine vision
[11] or thermographic [12] systems. However, nowa-
days it is difficult to find this kind of solution imple-
mented in production stages, and typically weld
coupons and nondestructive testing (NDT) techni-
ques are chosen to ensure that quality standards are
fulfilled. It is worth mentioning that an effective
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online monitoring system would benefit not only the
identification of the appearance of defects but also
possible implementation of real-time control of the
welding system to try to prevent the defects.

Plasma optical spectroscopy has been thoroughly
investigated within this framework, and several re-
ports have shown that an online analysis is feasible,
typically by considering simplifications to estimate
the plasma electronic temperature 7T, [13,14]. This
parameter is known to exhibit a direct correlation to
the quality of the associated seam and, therefore, the
rapid variations of its profile are associated with the
appearance of defects. However, there is still an un-
certainty in terms of the plasma lines involved in the
analysis, whose intensity is averaged through the
line of observation determined by the system input
optics. This makes it impossible to carry out a spatial
analysis of the plasma column, which could be useful
to select the optimum spectral bands in terms of de-
fect discrimination.

We propose the use of imaging spectroscopy, not
only to be employed as an online arc-welding quality
monitoring system, but also to perform a spectral
band and spatial selection within the plasma column
that could also be used with the traditional spectro-
scopic approach. Experimental tests with simulated
defects will show the feasibility of the proposed solu-
tion, and detailed spatial analysis of the plasma col-
umn will also be presented and discussed.

2. Plasma Spectroscopy

Plasma diagnostics applied to monitoring the quality
of online welding typically relies on two main as-
sumptions: the plasma is supposed to be optically
thin and in local thermodynamic equilibrium (LTE)
[15]. The former needs to be experimentally verified
by checking that the selected emission lines are free
from self-absorption [16]; LTE is typically assumed to
be valid for arc-welding plasmas and most parti-
cularly for tungsten inert gas (TIG), also known as
gas tungsten arc welding (GTAW) processes. This
hypothesis allows characterization of the plasma
temperature by means of the plasma electronic
temperature T,, and it implies that the collisional
process is the dominant mechanism within the plas-
ma. In addition, LTE also means that the gradients
for both temperature and concentrations will be
small, which is not valid in the vicinity of the cathode
and anode [17]. Several authors have discussed the
validity of assuming LTE for arc welding, establish-
ing, for example, a lower threshold for the welding
current of 35 A [18]. An accepted criterion to deter-
mine whether LTE can be accepted for a given plas-
ma is

N, > 1.6 x 1022T/3(AE)3, (1)

where N, is the plasma electronic density and AE is
the largest energy gap in the atomic energy level
system.
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If both conditions were fullfilled, T, could be ob-
tained by a variety of spectroscopic techniques, with
Eq. (2) being the most common approximation to be
found in the literature applied to online arc-welding
quality monitoring [19]:

; E, (DI(1)
kx1In o

1)

3

T.

where E,, is the upper level energy of the emission
line with relative intensity I, A is the transition prob-
ability, g, is the statistical weight, and 1 is the asso-
ciated wavelength. This approximation gives rise to
temperature values with a significant uncertainty,
even if there is adequate difference between the
upper level energies of the chosen emission lines.
In this regard, a more precise estimation can be
obtained by the Boltzmann-plot method:

Londmn) + (heN\  E,,
1“<Amngm)‘ln(2> kT, ®

However, in this case several emission lines must be
included in the calculations, which makes this solu-
tion less efficient in terms of the computational per-
formance of the required online analysis system. The
known correlation between the T, profiles and the
associated seam quality [13,14,20] has been recently
analyzed for the line-to-continuum method [21], but
in this preliminary study not all the profiles exhibit
the same defect detection ability, depending on the
chosen spectral band.

In all these methods a single spatially averaged T,
value is typically determined for the entire plasma
column, since the plasma radiation is usually col-
lected by means of a collimator [20] or an optical fiber
[22] arranged at a given distance from the plasma
axis. In contrast, spatially resolved emission spectro-
scopy techniques allow one to obtain a detailed map
of the temperature distributions within the plasma,
which requires a deconvolution process to achieve
the desired spatial resolution, e.g., the Abel inversion
[23]. This method is obviously more sophisticated,
but it cannot be used for real-time analysis given its
processing requirements.

Although the spectroscopic approach has proved to
be an effective solution within this framework, some
problems can still appear during practical implemen-
tations. For example, if a complex system with sev-
eral weld heads needs to be monitored, the costs
associated with the spectrometer should be reduced
by selecting low-cost devices. However, a lower spec-
tral resolution will provoke a higher uncertainty in
terms of emission line identification, i.e., the associa-
tion of a given emission line with its chemical species.
In addition, it could be highly interesting to deter-
mine which spectral bands are more sensitive to
the identification of different weld defects. The use
of imaging spectroscopy and its ability to acquire




not only the plasma spectral information but also its
spatial information will prove to have great potential
in this regard.

3. Hyperspectral Emission Imaging of Welding Plasma

The acquisition of hyperspectral images of the plas-
ma formed in welding processes, with a plasma spec-
trum measured for each spatial element in the
plasma column, is illustrated in Fig. 1. The captured
data represent a three-dimensional data set, the
so-called image cube, defined by spatial x and y
and wavelength A coordinates. Since standard two-
dimensional detectors can register only the position
and intensity of radiation at the same time, the spa-
tial information across a given line (x axis with a spe-
cified length to cover the plasma column and a small
but finite width) and the spectral information (wave-
length and intensity) are measured simultaneously.
One dimension of the detector constitutes a spatial
line image and the other dimension measures the
spectrum for each line pixel. Scanning the third di-
mension of the image cube, the second spatial dimen-
sion y is accomplished by movement of the object, i.e.,
the displacement of the torch and, consequently, the
plasma column along the seam.

A photograph of the measurement setup used in
our laboratory is shown in Fig. 2. The hyperspectral
imaging system can be observed on the left-hand

side. It is divided into two modules: sensor and op-
tics. The latter includes the equipment known as Im-
Spector, a commercial product of Spectral Imaging,
Ltd. (Oulu, Finland), which has been used as an im-
aging spectrograph and a C-mount lens. The disper-
sing element of the spectrograph is a volume type
holographic transmission grating, which is used in
a prism—grating—prism (PGP) structure and provides
high diffraction efficiency and good spectral linearity
[24]. Since measurements were intended to be per-
formed in the visible-NIR range, the V10E version
of ImSpector, whose spectral range is from 400 to
1000 nm, was chosen. Navitar Zoom 7000 (Navitar,
Rochester, New York) is the selected objective lens,
whose focusing range has been manually controlled
to cover the entire width of the plasma column. The
sensor module includes the high-performance mono-
chrome digital camera Pixelink PL-A741 MV (Aegis
Electronic Group, Gilbert, Arizona), whose spectral
range varies from 350 to 1000 nm with a resolution
of 640 x 480 pixels (spatial and spectral dimensions,
respectively). The communication interface between
camera and control and acquisition computer is
IEEE1394.

The wavelength calibration process, which defines
the spectral axis, is necessary once the system setup
has been arranged, before beginning the acquisi-
tion of spectral images.The calibration process is
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Fig. 1.

(Color online) Schematic representation of the acquisition of hyperspectral images of the welding plasma column.
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Fig. 2. (Color onhne) Expemmental setup with the imaging (cen-
ter) and traditional spectroscopic (left and right) systems.

performed using two different light sources whose
emission wavelengths are previously known, e.g., a
670 nm laser and a Hg—Ar lamp with multiple emis-
sion lines.

The right-hand side of Fig. 2 depicts the setup
that is used to perform the experimental welding
tests. The tests were carried out with an arc-welding
[tungsten inert gas (TIG)] system that includes a
Kemppi Mastertig 2200 (General Welding Supplies,
Cheshire, UK) power source, a welding torch (Kemp-
pi TTC 220), and a positioning system (Newport
MM4005 controller and two MTM100PP1 stages;
Newport Corporation, Irvine, California). Since hy-
perspectral images must be captured without varia-
tions in conditions such as the distance between
target and objective lens or the lens focal length,
the welding torch and, therefore, the plasma column
must remain fixed. The AISI-304 stainless steel
plates are fastened to the positioning system and
controlled by a PC; Table 1 shows the chemical com-
position of this materlal In addition, argon was used
as the shielding gas with a constant flow rate of
12 1/min in standard operating conditions.

An additional acquisition system was also used
during the welding tests to facilitate a direct correla-
tion between imaging and conventional spectroscopic
techniques. In the latter the plasma radiation is spa-
tially integrated by means of input optics and a CCD
spectrometer. The system consists of an optical fiber
(P50-2-UVVIS, 2 m long and 50 um core diameter;
Ocean Optics, Dunedin, Florida) attached to a CCD
spectrometer (Ocean Optics USB2000). The other

Table 1. Chemical Composition of AISI-304
AISI-304
Element % Participation
Fe —
Cr 18-20
Ni 8-10.5
Mn 2 (max)
Si 1 (max)
C 0.08 (max)
P 0.04 (max)
S 0.03 (max)
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end of the fiber was focused on the plasma axis (be-
tween the electrode tip and the plate). The distance
between the fiber end and the plasma axis was ap-
proximately 14 cm. An example of a plasma spectrum
captured by this additional system is presented in
Fig. 3. In this example some of the emission lines
have been identified to illustrate the chemical com-
position of the plasma under analysis.

4. Experimental Issues

An initial set of experiments was conducted to ac-
quire the spectra with the systems mentioned above
during standard welding operation conditions. Two
examples of seams performed with constant weld-
ing currents of 26 and 40 A are presented in Fig. 4.
Figures 4(a) and 4(c) show the images obtained with
the imaging spectroscopy setup; Figs. 4(b) and 4(d)
show the associated spectra captured by means of
the conventional approach. It is worth mentioning
that the spectral range is different in both situations:
from 400 to approximately 1000 nm in the hyperspec-
tral images (vertical axis), and from 195 to 535 nm in
Figs. 4(b) and 4(d). As expected, the plasma radiation
exhibits increased intensity with higher welding cur-
rents, which can be clearly appreciated in this ex-
ample. A detail of the plasma column can be seen
in Fig. 4(e), where several plasma emission lines can
be found.

Although different approaches could be consid-
ered, it does not seem neccesary with this new solu-
tion to perform a plasma emission line identification
stage, i.e., the association of each emission line with
its corresponding chemical species, in terms of the
ability of the system to detect weld defects. On this
point it should be noted that, initially, the main pur-
pose of this study was to determine whether this kind
of solution could be used in that regard. Given the
kind of images acquired by the system, it seems that
a simple image processing approach would be more
efficient; apart from the lack of optical resolution (of
the order of 2.8 nm), which would make it difficult to
perform a reliable line identification [20].

A good example to illustrate the performance of the
proposed approach is exhibited in Fig. 5, where a
seam was performed with a constant welding current

3000 - Arll
Arll
;./ 2000 - - |
e
%‘ Fel .
< ‘ Fall o J‘h
Q i
£ 1000 J{N MMM{ M ANWM
f |
B AN YL
0 T T T T T 1
200 250 300 350 400 450 500
Wavelength (nm)
Fig. 3. (Color online) Example of plasma spectrum captured by

the CCD spectrometer with some emission lines associated with
their corresponding species.
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of 37 A and a protective gas flow rate of 12 I/min. This
rate was manually altered to simulate a perturbation
on the gas flow, reducing it to approximately 12 I/min
for 0.5s. A sequence of the images acquired by the
hyperspectral imaging system is presented in Fig. 5;
Figs. 5(a), 5(c), and 5(e) show the correct welding con-
ditions, and Figs. 5(b) and 5(d) show the simulated

(© (d) (e)

defects. In this particular case the differences be-
tween the captured images are obvious, and, con-
sequently, the defects could easily be identified.
Spectra captured by means of the alternative spec-
troscopic setup are also shown in Figs. 5(f) (correct
welding) and 5(g) (gas flow perturbation). Figure 5(h)
shows the plasma electronic temperature profile
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(Color online) (a), (c), (e) Hyperspectral image of the plasma column for a seam performed with 37 A and a gas flow rate of 12 I/min;

(b), (d) gas flow rate reduction; (f), (g) plasma spectra captured during standard and defective welding conditions; (h) plasma electronic

temperature profile for the defective seam.
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determined with two Ar IT emission lines (480.6 and
488 mn), where the two gas shortages can be clearly
identified. It is worth noting that in this case the
value of the electronic temperature is significant only
in the sections that are free of defects, where it is of
the order of 11000 K. However, the temperatures for
the defects are not reliable, given that the selected
lines exhibit saturation.

A possible processing approach for the hyperspec-
tral images (see Fig. 6) is used to carry out the anal-
ysis with the seam at the top [Fig. 7(a)] and with the
seam at the bottom [Fig. 7(b)]. In this case the defect
was caused by an incision performed in the plate to
obtain a nonconstant thickness along the welding di-
rection (the resulting plate thicknesses were 1.5 and
1mm). The spectra acquired by the imaging system
were processed by means of the selection of the sui-
table region of interest (ROI), the extraction of the
intensity plane of the resulting image. and the quan-
tification of the average intensity for each captured
hyperspectral image. Two results are depicted in
Figs. 7(c) and 7(d), where the ROIs highlighted in
Fig. 7(e) were employed. It can be appreciated that
ROI 2 gives rise to a profile in which the correlation
between the output signal and the defect is better.
This result suggests, as already discussed, that a sui-
table selection of the ROI is needed to provide the
required monitoring signal. It is also worth mention-
ing that the consideration of different materials and
shielding gases might lead to a modification in the
chosen ROIs. In this regard, a suitable estimation
of the ROI geometry and location could allow use
of a general ROI for different processes. This would
imply the selection of a spectral range covering con-
tributions from the different species under analysis.

5. Spatial Analysis of the Plasma Column

The addition of the spatial dimension in the hyper-
spectral images allowed us to carry out a detailed
analysis of the plasma column in terms of the spec-
tral response for each particular location. In this re-
gard, a suitable selection of the most interesting
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Fig. 6. (Color online) Image processing scheme proposed for gen-

eration of the output monitoring parameter.
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spectral and spatial bands, in terms of their ability
to discriminate among sound and defective welds,
can be performed. Taking the experimental test pre-
sented in Fig. 7, it was previously discussed how the
selection of the ROI affects the resulting monitoring
parameter and, consequently, the performance of the
designed system. A more specific analysis is shown in
Fig. 8, where four different spatial locations within
the plasma column have been chosen to identify an
appropriate spectral band for the subsequent weld-
ing quality analysis. The outer regions of the plasma
column are considered in Figs. 8(a) and 8(d), where
the spectra for sound weld and gas shortages 1 and 2
are depicted. It can be appreciated how the spectral
response is more intense for the second gas pertur-
bation, since the response for the first is clearer in
Fig. 8(d), where the spectra were formed as an aver-
age of pixels from 636 to 640. The spectral band
located at approximately 567 nm appears to be opti-
mal in terms of the discrimination of this type of
defect. Figures 8(b) and 8(c) show similar results, but
the spectra associated with gas shortage 2 are satu-
rated and, in addition, the slope of this signal for
wavelengths higher than 800 nm could lead to false
conclusions.

In Fig. 9 the spectra associated with the central
region of the plasma column generated during the ex-
perimental test already discussed in Fig. 7 is ana-
lyzed. In this particular example, the differences
among sound and defective spectra are rather subtle,
which makes it difficult to find a suitable spectral
region for the generation of the system output
parameter. This is especially obvious in Figs. 7(c)
and 7(d). It is worth noting that, without proper anal-
ysis of the spectra, the hyperspectral images give the
impression that the first emission line, (lower
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wavelength) highlighted in Fig. 9 exhibits lower in-
tensity for the defective area. However, this effect
is caused by the higher contribution of the back-
ground radiation, as the total intensity for this
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specific wavelength (approximately 627 nm) is in fact
higher.

It is worth mentioning that this kind of study could
also be used to perform an optimal spectral band se-
lection for the traditional spectroscopic approach,
where several emission lines are present in the
spectra, but typically only two are chosen to deter-
mine T,.

6. Conclusions

We have explored the use of imaging spectroscopy
applied to online welding quality monitoring. In com-
parison with the traditional spectroscopic approach,
the use of hyperspectral devices such as PGP-based
spectrographs allowed us to capture detailed images
of the plasma column with both spectral and spatial
information. In this sense, the required analysis to
produce an efficient output monitoring parameter
does not require the identification of the plasma
emission lines, which is costly in terms of the com-
putational performance of the whole system. By
means of several experimental tests it has been de-
monstrated that simple image processing strategies
can provide the desired results, allowing us to iden-
tify defective regions in a given seam.

Although a more extensive study with industrial
samples should be conducted, including different ma-
terials and shielding gases as well as different types
of weld flaw, we believe that, in spite of the higher
cost of the imaging spectroscopy system in compari-
son with the traditional CCD spectrometer approach,
this solution could be successfully implemented in
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industrial welding applications. In addition, the vast
amount of information acquired by the system per-
mitted us to carry out a detailed analysis of the plas-
ma spectral response for different spatial locations,
which gives rise to useful information in terms of
spectral band selection to develop optimal discrimi-
nation between sound and defective welds.

Analysis of industrial samples with a large set of
defects is being conducted in an attempt to establish
the validity of the proposed solution for real indus-
trial applications. On the other hand, the proposed
image processing scheme could be improved, and it
would be interesting to try to define a general ROI
that would be equally valid for different welding
processes. It should also be determined whether a
sensor fusion approach would be worth exploring
within this framework.

This research has been co-supported by the
Science and Technology Ministry of the Spanish Gov-
ernment through the CICYT TEC2005-08218-C02-
02 and TEC2007-67987-C02-01 projects.
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