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Abstract: This paper focuses on discerning the melting state of keyhole tungsten inert gas (K-TIG)
welding, a promising welding technique still considered a novelty. In order to achieve this goal, a
sensing system is established to collect voltage signals during the welding process of 304 stainless
steel. Analysis of the collected signals reveals that the characteristic signal power spectrum between
36 kHz and 37 kHz is closely related to whether the welding has complete joint penetration. The
experimental findings confirm that the spectral power density of the characteristic signal varies
significantly with the alteration of welding quality. Moreover, it is observed that when the welding
melting state remains unchanged, the change in welding parameters is not noteworthy. When
adjusting welding parameters to maintain stable feature signals during the welding process, the
corresponding penetration state of the welding does change. Therefore, it is possible to ensure the
stability of welding quality by altering welding parameters in real time. These research results
provide valuable insights into the real-time quality monitoring of the K-TIG welding process.

Keywords: K-TIG welding; welding quality; arc voltage; power spectrum; real-time monitoring

1. Introduction

Keyhole tungsten inert gas (K-TIG) welding is a promising welding technology for
deep penetration of medium and thick plate materials [1]. Developed by the Common-
wealth Scientific and Industrial Research Organisation (CSIRO, Canberra, Australia) of the
Australian government in 1997, K-TIG welding utilizes a high current to generate an arc
with high energy, strong penetration force, and high stiffness, enabling it to weld metal
materials directly without the need for grooving or filler wire [2]. By achieving single-side
welding and double-side forming in one step, K-TIG welding significantly enhances weld-
ing efficiency while reducing welding costs [3,4]. Nonetheless, given the characteristic
of K-TIG welding that achieves single-side welding and double-side forming in one step,
ensuring its quality during the welding process is paramount.

The success of keyhole tungsten inert gas (K-TIG) welding relies heavily on the stability
of the molten pool keyhole during the welding process. This stability is determined by a
delicate balance between the arc pressure, the liquid surface of the back small hole, and
the gravity of the metal [5]. The welding process is complex and characterized by non-
equilibrium and instantaneous features. To ensure the stability and reliability of welding
quality, it is essential to employ online welding quality evaluation technology [6-8]. This
technology not only improves welding efficiency and productivity but also reduces the
need for offline destructive or non-destructive testing methods. Current mainstream
signal acquisition methods for online welding quality evaluation involve sound [9-11],
spectral [12,13], current-voltage [14-17], and visual sensing methods [18-20].

However, the strong arc light generated by the high current (300-1000 A) of K-TIG
welding makes it difficult to evaluate welding quality using visual methods. At the
same time, practical limitations, such as the cost of visual acquisition equipment and
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space requirements for welding platforms, make visual sensing methods challenging to
implement [21]. As an alternative, acoustic sensing has been proposed due to its lower
cost and easier installation. However, sound noise generated in actual factory production
processes can make it difficult to denoise and obtain a pure arc sound [22]. In comparison,
the arc electrical signal is closely linked to the welding process and is relatively easier to
acquire. Therefore, this paper chooses to evaluate welding quality through the arc electrical
signal. A novel method based on the arc electrical signal is proposed for online welding
quality evaluation in K-TIG welding. The method involves collecting the arc electrical
signal using a high-speed data acquisition system, followed by filtering and denoising the
signal to remove unwanted noise. Subsequently, advanced signal processing techniques,
including feature extraction and classification algorithms, are employed to analyze the
signal and evaluate welding quality in real time. Experimental results demonstrate that the
proposed method achieves high accuracy in evaluating welding quality in K-TIG welding,
even in the presence of strong arc light interference; furthermore, this method has the
advantages of low cost and easy installation compared to visual and acoustic sensing
methods [23,24]. Therefore, the proposed method based on the arc electrical signal shows
great potential for online welding quality evaluation in K-TIG welding applications.

Arc electrical signal sensing encompasses arc current, arc voltage, and plasma voltage
discharged from the back. In order to enhance the penetrating ability and welding quality
of keyhole plasma arc welding, a novel penetration closed-loop control system has been
established by Cheng et al. [23]. This system chooses the welding current and plasma gas
flow rate as the adjustable variables. Real-time detection of penetration status is achieved
from the welding arc voltage using the wavelet method. A multi-sensor sensing system has
been developed by Shi et al. [25] for the collection of voltage, current, and arc sound signals.
A unique frequency peak has been discovered at 2—4 kHz, and its physical significance has
been analyzed, indicating that it is related to the oscillation of the molten pool. Oscillation
modes in the oscillation frequency of the molten pool have been extracted based on the
algorithm, and different welding states have been analyzed to determine the specific mode
for full penetration. Experiments have shown that the oscillation frequency between partial
penetration and complete penetration differs. The combination of the identified frequency
band and the proposed algorithm can be conveniently utilized to identify weld penetration.

This paper proposes a novel method for identifying complete joint penetration in
K-TIG welding by extracting specific frequency band characteristics from the arc voltage
signal. To establish an acquisition system for collecting voltage signals during the welding
process, Section 2 presents the welding experiments. Section 3 then analyzes the physical
significance of the feature frequency and presents the feature frequency. The intensity
difference of the feature frequency signal between the incomplete joint penetration and
complete joint penetration scenarios is distinct, thus enabling the determination of the
weld penetration status to a certain extent. In Section 4, step-change speed experiments are
conducted to validate the findings of Section 3. The results demonstrate the effectiveness of
the proposed method for identifying complete joint penetration in K-TIG welding; specifi-
cally, the feature frequency analysis accurately distinguishes the penetration status. Finally,
Section 5 presents the concluding remarks on the proposed method for identifying com-
plete joint penetration in K-TIG welding based on the arc voltage signal. The experimental
results show that the proposed method can effectively evaluate the welding quality and
has the potential to be applied in practical production environments. The proposed method
is a valuable contribution to the field of welding quality control, and further research could
extend this method to other welding techniques and applications.

2. Materials and Methods

The experimental setup employed in this study is illustrated in Figure 1. It comprises
four essential components: the K-TIG welding component, the programmable logic con-
troller (PLC) motion component, the industrial personal computer (IPC) control system
component, and the signal sensing component. The K-TIG welding component encom-
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passes a DC welding power source, a cooling water supply system, and a specialized
welding gun for K-TIG welding. The PLC motion component provides three degrees
of freedom, facilitating control over the welding gun’s movement. During the welding
process, the current and voltage are measured by Hall sensors, which are protected by a
protection circuit equipped with a differential amplifier. The IPC control system is respon-
sible for acquiring data and adjusting welding parameters, while the National Instruments
USB-6251-BNC acquisition card is employed to capture the current and voltage signals
at a sampling frequency of 200 kHz. To attain different penetration states, two identical
304 austenitic stainless steel plates (300 x 150 x 10 mm) are assembled and utilized for the
welding experiments. During the experiment, the two plates are brought together to create
a gap of 0. Ar is used as the shielding gas with a flow rate of 20 L/min, while the CTWD
was controlled at 3 mm, and the welding torch is facing the splicing part of the two plates.

Welding
""""""""""""""" Machine
Welding plate [
{ | Differential DAQ :
amplifier

Figure 1. Schematic diagram of the welding experiment system.

The power supply used in the current research is an efficient deep penetration arc
welding machine produced by Guangdong Fuweide Welding Co., Ltd., with the model K-
TIG1000 (Guangdong Fuweide Welding Co., Ltd., Huizhou, China); the signal acquisition
card is the National Instruments USB-6251-BNC (National Instruments, Austin, TX, USA).
The PLC control system, XYZ motion platform, and IPC control system are developed by
Shanghai Lianqing Power Technology Co., Ltd. (Shanghai Lianqing Power Technology Co.,
Ltd., Shanghai, China).

During the experiment, the gap between the welded plates is controlled to be zero,
and the K-TIG welding technology is used to obtain a completely melted trial plate with
a welding current of 525 A and a welding speed of 240 mm/min. To control variables
and study different welding quality results, the researchers adjust another experimental
parameter while keeping either the welding current or welding speed constant. The specific
welding parameters are shown in Table 1.

Table 1. Test parameters.

Welding Parameters Value (Speed) Value (Current)
Welding current 525 A 450, 480, 500, 525, 550, 570, 600 A
Welding speed 160, 180, 200, 220, 240, 280, 300, 320, 360 mm /min 240 mm/min
Gap 0 mm
CTWD 3 mm
Flow rate 20 L/min
Shielding gas Pure argon (99.9%)
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The experimental results show that when the welding current was kept constant at
525 A, the arc could not completely melt the trial plate when the welding speed is increased
to 300 mm/min. Similarly, when the welding speed is kept constant at 240 mm /min, the
arc cannot completely melt the trial plate when the welding current is reduced to 500 A.
Continuously increasing the welding speed or reducing the welding current to reduce the
heat input on the surface of the welding trial plate will undoubtedly result in an incomplete
melting outcome. However, within the window of the welding parameters, unstable
welding quality is likely to occur, where the arc can sometimes penetrate the trial plate,
while in other cases, it is unable to do so. Due to the strong arc light during the welding
process, it is difficult for the welding personnel to directly observe the specific welding
conditions. Therefore, in this experiment, the voltage between the tungsten electrode and
the welding trial plate is collected and then amplified by the differential amplification circuit
and collected and analyzed by the data acquisition card. The experimental procedures
are conducted in strict accordance with scientific methods and procedures to ensure the
accuracy and reliability of the results.

3. Experimental Results and Discussion

To ensure the safety of the acquisition card, a differential amplifier is utilized in the
present study. Its role is to decrease the voltage by a factor of 1/200 of its original value
proportionally. Figure 2a portrays the voltage time-domain signal acquired during the
welding of 304 austenitic stainless steel with a welding current of 525 A and a welding
speed of 240 mm /min. The voltage demonstrated a continuous rise from the arc initiation
and ultimately stabilized after a certain duration of time. For this study’s purpose, the
signal analysis primarily focuses on the time period that excludes the arc initiation and
termination phases. It is worth noting that the voltage’s time domain signal is analyzed
with meticulous care in this research.
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Figure 2. The time domain and frequency domain of the signal collected in the experiment. (a) Time
domain; (b) frequency domain.
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Figure 2b depicts the frequency domain signal of the 304 austenitic stainless steel exper-
iment, revealing two prominent frequency bands: 36-37 kHz and 72-73 kHz. Within each
band, two frequency peaks were evident, with frequencies of 36,133 Hz and 36,310 Hz being
dominant and frequencies of 72,265 Hz and 72,620 Hz being harmonic. These frequency
characteristics can be extracted from the voltage signal and utilized for further analysis.

3.1. Extraction of Characteristic Signal Intensity

In this section, the paper explores the correlation between the welding melt state and
the characteristic signal strength in welding. To extract the characteristic signal strength
of the frequency range of 36-37 kHz during the welding process, the paper takes the
maximum value of the two similar frequency signal strengths of 36,133 Hz and 36,310 Hz,
whose relative sizes are not fixed. Real-time monitoring of the welding melt state was
achieved by selecting a data point as a sampling window and performing a fast Fourier
transform in a sliding and stepping manner to calculate the characteristic signal strength
of the frequency range of 36-37 kHz. The selection of the number of data points and the
frequency of calculation are critical factors to consider. If the number of points is too small,
the calculated characteristic signal amplitude by fast Fourier transform will be distorted,
leading to incorrect trend reflection of the characteristic signal amplitude changes during
the welding process. However, selecting too many data points will prolong the calculation
time for the fast Fourier transform, slowing down the program’s speed and rendering
it incapable of meeting the real-time requirements. Figure 3 displays the monitoring of
characteristic signal intensity under different sizes of data windows during the welding
process: a welding current of 500 A and a welding speed of 240 mm /min. It can be observed
that the characteristic signal intensity calculated from a small data window had difficulty
in displaying the variation of signal intensity throughout the welding process. Selecting a
large window not only increases the computational load of the fast Fourier transform and
prolongs the calculation time but also reduces the sensitivity of signal monitoring to some
extent. Therefore, in this study, a data window of 1 million data points was chosen, which
calculates 5 s of data points simultaneously to select the data window size.

The sliding step size plays a crucial role in the real-time monitoring of the welding
process, as it affects the response rate of signal tracking and the closed-loop control capabil-
ity of the system. In practical applications, a smaller step size is welcomed, enabling the
system to capture welding defect signals and initiate prompt corrective measures. Figure 4
displays the monitoring of characteristic signal intensity under different step sizes during
the welding process while choosing a window size of 1 million. It proves that a smaller step
window did not cause significant changes in the overall morphology of signal monitoring.
Therefore, it is only necessary to ensure that the frequency of the step is less than the time
required for the fast Fourier transform of the window data, and once again, the smaller
the frequency of the step, the better. However, reducing the step size is constrained by the
calculation time required for the fast Fourier transform on the sampling window.

After extensive analysis, a window size of 1 million data points and a step size of
100 k data points were found to yield better results for this paper with a sampling rate of
200 kHz, as shown in Figure 5. The paper reports the strength of the characteristic signal of
the 0-5 s data segment at the 5th second, and the strength of the characteristic frequency
spectrum signal of the 0.5-5.5 s data segment at the 5.5th second, and so on, until the end
of the welding experiment. To avoid the data vacuum period before the first 5 s, the paper
starts data acquisition a few seconds before the arc ignition.
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Figure 3. Feature spectrum monitoring images under different data window size: (a) 100 k, (b) 200 k,

(c) 500 k, (d) 1 million, (e) 2 million.
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Figure 5. Selection of FFT calculation window and step size.

3.2. Complete and Incomplete Joint Penetration under Steady State

In this paper, we obtained complete joint penetration and incomplete joint penetration
welding seams and tracked the characteristic signal strength in the frequency range of
36-37 kHz by adjusting the welding parameters. To this end, welding experiments are
conducted and the morphology of the front and back sides of the welding seams is examined
and presented in Figure 6a. The welding parameters are adjusted to achieve complete joint
penetration at a guaranteed welding speed of 240 mm/min using a welding current of
550 A, followed by incomplete joint penetration using a welding current of 480 A. The
voltage time-domain signals collected under two different penetration conditions remain
stable, with no visible changes in both. The power spectral tracking graphs of the calculated
characteristic signals are plotted and shown in Figure 6b.

The front and back sides of the incomplete joint penetration weld seam

(@)

—e— Complete joint ion —A— plete joint

0.0100

0.0075=1

0.0050~1

Power Spectrum

0.0025+1

0.0000~]

2

T
20 40
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(b)

Figure 6. Complete and incomplete joint penetration under steady state. (a) Welding test plate front
and back weld beads; (b) monitoring of characteristic signal strength during the welding process.
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From Figure 6, it can be observed that the characteristic signal strength in the frequency
range of 36-37 kHz in the welding voltage frequency domain signal collected under the
two experimental conditions rapidly increased from the arc starting period and then
remained relatively stable until it decreased to 0 at the arc ending moment. When the
welding melt state did not change during the experiment, the characteristic signal strength
remained relatively stable, whether it was in complete joint penetration or incomplete joint
penetration. A significantly lower overall strength of the characteristic signal was observed
under the incomplete joint penetration state when compared to the characteristic signal
strength interval collected under the complete joint penetration state. In-depth research on
this characteristic will be conducted in this paper.

3.3. Complete and Incomplete Joint Penetration under Non-Steady State

Notwithstanding the successful acquisition of complete joint penetration and incom-
plete joint penetration welding seams in Section 3.2, the welding parameters employed
are not the same, making it challenging to determine whether the characteristic signal
strength is correlated to the welding melt state or independent of the welding parameters.
Consequently, this section ensures that the welding parameters remain unaltered while
the welding material undergoes a sudden shift in the welding melt state owing to thermal
deformation and other factors by selecting the welding parameters at the edge of the weld-
ing window: a welding current of 500 A and a welding speed of 240 mm /min. Figure 7
presents the experimental parameters and the morphology of the front and back sides
of the welding seams after the experiment, respectively, and depicts the power spectral
tracking graph of the calculated characteristic signal. Evidently, as the welding reaches
the middle section of the welding seam and the welding melt state changes from complete
joint penetration to incomplete joint penetration, the collected characteristic signal strength
drops steeply and then stabilizes within a low-intensity interval. This observation confirms
that the strength of the characteristic signal is indeed related to the welding melt state and
is not unaffected by the unchanged welding parameters.

moment of

penetration transition

0.0075-

0.0050=

Power Spectrum

0.0025-1

0.0000-

1 1 1
20 40 60

Calculation Time Points/s

Figure 7. Complete and incomplete joint penetration under the same welding condition.

By monitoring the strength of the characteristic signal, it is possible to judge the
welding melt state due to the unique characteristics of the signal. This paper proposes
the possibility of achieving closed-loop control and ensuring welding quality stability by
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continuously adjusting the welding parameters to maintain the strength of the character-
istic signal in the complete joint penetration interval or returning to the complete joint
penetration state when incomplete joint penetration occurs. However, this assumption is
based on two prerequisites. Firstly, when the welding melt state changes from complete
joint penetration to incomplete joint penetration and the strength of the characteristic signal
drops, adjusting the welding parameters to return to the complete joint penetration state
will lead to a rise in the strength of the characteristic signal. Secondly, adjusting the welding
parameters will not significantly impact the strength of the characteristic signal.

3.4. Analysis

The welding power source employed in this study is an inverter arc welding power
source that utilizes high-frequency inverter technology to convert a direct current source
into a high-frequency alternating current source. The resulting alternating current is then
stepped down through a transformer and rectified to obtain the desired direct current
source. During this process, a certain amount of intermediate frequency alternating current
component is generated, which coincides with the intermediate frequency alternating
current signal collected at 36-37 kHz, owing to the switching frequency of the inverter
being typically between 10 kHz and 100 kHz.

In the event of a transition from complete joint penetration to incomplete joint pen-
etration during welding, the unstable state of the weld pool is attributed to the inability
to form a stable keyhole, leading to instability in the weld pool, such as the occurrence
of weld pool rolling, which, in turn, causes instability in the arc state. In the inverter arc
welding circuit, an electronic switch is utilized as a method of controlling the arc current,
which can adjust the duty cycle and frequency of the arc current. When the arc is unstable,
the electronic switch needs to adjust the arc current to maintain stability, causing changes
in the intensity of the intermediate frequency component in the arc current.

Existing theories have shown that changes in arc length lead to changes in arc resis-
tance and conductivity, thereby affecting the waveform and spectrum of the arc current and
voltage. Consequently, changes in the welding molten state result in changes in the power
spectrum intensity of the intermediate frequency alternating current signal at 36-37 kHz.

4. Verification

To further verify the potential influence and monitoring capability of the character-
istic frequency and strength of arc voltage on the welding melt state, the present study
manipulates the welding speed during the welding process to modulate the heat input and
obtain diverse melting states. To ensure welding-current consistency;, it is imperative to
have a constant rate of 525 A. In the first experiment, incomplete joint penetration occurred
during welding due to current increments in the step state. The penetration state was
eventually restored as the welding speed decreased after a certain period of time. In the
second experiment, welding current was increased periodically, resulting in both a dynamic
welding condition that maintained the penetration state and a dynamic welding condition
that altered the penetration state. Both conditions were subjected to data collection and
subsequent analysis. Figures 8 and 9 depict the front and back sides of the welding seam
and the power spectrum intensity tracking of characteristic signals.

This study demonstrates the possibility of transforming the incomplete joint penetra-
tion state, which occurs during the welding process, into a normal melt state by adjusting
the welding speed. Moreover, the transformation process can be characterized and evalu-
ated by monitoring the strength change of the characteristic frequency spectrum signal. The
experiment confirms the feasibility of closed-loop control of welding quality by monitoring
the strength of the characteristic frequency spectrum signal of the welding electrical signal.
Specifically, when the welding parameters are adjusted without changing the melt state, the
monitored characteristic frequency spectrum signal remains unchanged. However, when
the welding parameters are adjusted to alter the welding melt state, a transformation of
the characteristic frequency spectrum signal can be observed. Therefore, by monitoring
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the characteristic frequency spectrum signal and adjusting the welding parameters, it is
possible to maintain the welding process in a complete joint penetration state and achieve
closed-loop control of welding melt quality. This approach provides a reliable method
for enhancing the consistency and stability of welding melt quality and improving the
efficiency of welding production.

Welding Direction

240mm/min 480mm/min 240mm/min

moments of

velocity changes

0.0075=

0.00501

Power Spectrum

0.0025=1

T T T
20 40 60

Calculation Time Points/s

Figure 8. Power spectrum intensity tracking of characteristic signals under step change of the

welding speed.
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Figure 9. Power spectrum intensity tracking of characteristic signals under step increase of the
welding speed.
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5. Conclusions

Through an experimental investigation of austenitic 304 stainless steel, this study draws
several conclusions based on the analysis of experimental results and verification outcomes.

Firstly, an acquisition system is established to collect voltage and current signals
during the welding process, and the welding signals are obtained through the docking
welding experiments. A significant frequency spectrum segment is discovered at 36-37 kHz,
which represents different welding melt states, including complete joint penetration and
incomplete joint penetration states.

Secondly, the characteristic signal strength of the 36-37 kHz frequency spectrum
segment is significantly higher in the complete joint penetration state than in the incomplete
joint penetration state. Furthermore, when the melt state has no observable changes, the
characteristic signal strength remains relatively stable and does not change a lot due to
changes in welding parameters. However, when the melt state changes in a visible manner
from complete joint penetration to incomplete joint penetration, the characteristic signal
strength will decrease observably.

Thirdly, the characteristic signal strength will increase again to the initial complete
joint penetration state’s characteristic signal strength range by adjusting the compensation
parameters to re-transform it into a complete joint penetration state when the welding
changes from complete joint penetration to incomplete joint penetration.

Based on these findings, this study proposes that the characteristic signal strength is
only related to the melt state and does not change with changes in welding parameters.
By monitoring the characteristic frequency spectrum signal and adjusting the welding
parameters, the welding process can be maintained in a complete joint penetration state,
thus achieving closed-loop control of welding melt quality. This approach may be beneficial
in improving the consistency and stability of welding melt quality and enhancing the
efficiency of welding production.
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