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Abstract: Welding inspection is a critical process that can be severely time-consuming, resulting in
productivity delays, especially when destructive or invasive processes are required. This paper defines
the novel approach to investigate the physical correlation between common imperfections found in arc
welding and the propensity to determine these through the identification of signatures using acoustic
emission sensors. Through a set of experiments engineered to induce prominent imperfections
(cracks and other anomalies) using a popular welding process and the use of AE technology (both
airborne and contact), it provides confirmation that the verification of physical anomalies can indeed
be identified through variations in obtained noise frequency signatures. This in situ information
provides signals during and after solidification to inform operators of the deposit/HAZ integrity to
support the advanced warning of unwanted anomalies and of whether the weld/fabrication process
should be halted to undertake rework before completing the fabrication. Experimentation was carried
out based on an acceptable set of parameters where extracted data from the sensors were recorded,
analysed, and compared with the resultant microstructure. This may allow signal phenomena to be
captured and catalogued for future use in referencing against known anomalies.

Keywords: acoustic emission; airborne microphones; metal active gas (MAG) welding; cold metal
transfer (CMT); short-time Fourier transforms (STFTs); non-destructive testing (NDT); elastic waves;
rise time and crack detection

1. Introduction

More holistic integrity assessments involving integrated non-destructive testing are
becoming more widely adopted with greater emphasis on a connected manufacturing
philosophy via Industry 4.0. Such initiatives are now enabling manufacturers to analyse
those welding characteristics and determine whether the integrity of the weld and its
heat-affected zone (HAZ) satisfies the defined quality standard. Fusion welding may be
the defined requirement or only solution available for fabricating complex assemblies
commonly found in the production of safety-critical structures deployed within the nuclear
and aerospace sectors, and as such, its integrity and thus its quality are of paramount
importance for such structures to achieve design performance. Present inspection methods
can be time-consuming, destructive, and often not representative of the whole part. With the
increasing fidelity of non-destructive evaluation (NDE) methods through the development
of improved sensor technology, it is possible to monitor the weld quality in situ and in real
time, thereby offering cost-effective solutions that contribute to improved sustainability
and mitigate rectification complexity, which further reduce the assigned non-value-added
effort that is unfairly placed on the inspection process.

Through the integration of various acoustic emission (AE) sensors within the mech-
anised MAG welding set-up, utilising an eight-axes robotic system and a Fronius TPS
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500i CMT™ welding power source, experiments were completed using a “bead-on-plate”
configuration to detect emitted elastic waves discharged during material solidification
and cooling. Any change in the solidification and cooling noise patterns was investigated
to identify anomalies or gross imperfections within and around the thermally disrupted
material. This is to correlate any modifications in noise frequency at any point in time, with
specific microstructural analysis at that time interval, utilising recorded soundwave signals
of both airborne and contact ultrasonic emissions. This also included monitoring any
changes in amplitude and energy, throughout the event duration, which may potentially
lead to exploiting opportunities to create autonomous welding and inspection systems,
based on enhanced decision-making protocols.

1.1. Fusion Welding Characteristics Involving Arc Welding

Whilst fusion welding is recognised as being a major and complex manufacturing
engineering discipline, it nonetheless needs to be recognised as a method for indicatively
inducing flaws into structures, even if the weld and HAZ regions are classified as 100%
dense. This is because a fusion weld induces significant phase changes, as a result of
converting the substrate and any filler metal into a liquid state that subsequently solidifies
non-isothermally, forming a cast structure, encouraging varying levels of compositional
variance (segregation). This conversion locally modifies the component material’s original
condition of supply. This is where the engineering community would clarify the original
base metal structure as now being “flawed”.

There are several key conditions that can significantly contribute to morphing such
conditions into flaws or even defects, some examples of these are as follows:

Material chemistry combinations and microstructures;
Filler metal chemistry (if used);

Geometry and thickness;

Heat source power density;

Heat flow /thermal cycle;

Gas—metal reactions.

The constituency and complexity of a material’s chemistry can have a substantial
effect on its mechanical and geometrical response to welding, e.g., hardenability and
toughness, and distortion, respectively, and in some instances, its sensitivity to forming
low-melting point compounds and brittle intermetallic phases. High-strength steels are
prone to hydrogen cracking if their hardness values are >350 HV, austenitic stainless steels
are susceptible to solidification cracking if they contain no or very low Delta ferrite contents,
or if their chromium equivalent to nickel equivalent ratios are below 1.6 [1]. Nickel-base
alloys are prone to micro-fissuring in the weld and HAZ when significant compositional
gradients exist [2].

The profile or shape of the weld, the type of joint used, the volume of liquid metal
produced, and the type and magnitude of restraint all contribute to the level of strain,
shrinkage, and residual stress encountered within the final weld.

Power density, also known as heat source intensity, is a factor that has a major effect on
both the heating and cooling rates encountered within the weld and the size of the isotherm,
extending axially and perpendicularly to the direction of heat source travel. In this study
involving the MAG process, the typical values produced were in the range between 1 x 10*
and 5 x 10* W/em? [3].

The weld’s thermal cycle is also a critical parameter that is dependent upon three key
variables:

a. Prior substrate temperature;
b.  Welding power;
c. Travel speed.

The quotient value between that of welding power and travel speed determines the
amount of energy delivered per unit length and is always required in formulating a weld
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procedure specification. This is due to it being a key parameter in qualifying a weld’s
mechanical properties, specifically impact toughness and hardness.

These interrelating heat input variables are known to affect the final transformation
products. This is especially so when considering allotropic materials wherein metastable
phases such as martensite and bainite are predominantly produced when welding high-
strength steels and low-alloy steels. The evolution of such phases associated with welding
these types of materials results from rapid cooling through the austenite region (800 °C
and 500 °C), also referred to as the Atg_5. Dixon and Hékansson [4] researched the effect
from increasing the welding heat input between 1 and 5 k] /mm and reported a notable
difference in hardness.

Gas—metal reactions used within this context concern those chemical reactions that take
place at the interface between the gas phase and the liquid metal. Such reactions involve
the dissociation of carbon dioxide and the dissolution of nitrogen, oxygen, and hydrogen.
Gas—metal reactions are complex and known to affect the enthalpy of the welding arc
and the level of interstitial elemental pick-up, which can adversely affect the response to
embrittlement and porosity in the weld and HAZ region [5,6]. The combination of gas
mixtures and varying material chemistries within the weld pool were chosen to accentuate
the exothermic reaction to create insoluble compounds that promote the onset of porosity
or cracking.

In summary, several variables need to be considered in determining a successful
weldment. The effects arising from the interrelationship between heat input, cooling rates,
shrinkage, and weld metal chemistry are major influences on cracking sensitivity during
fusion welding. Accentuating these interactions to induce flaws was the main driver within
this research to create an acoustic signature that can be remotely detected.

1.2. Welding Imperfections and Non-Destructive Evaluation (NDE)

Previous research [7] into the use of acoustic emission to determine the arc stability
of the gas—metal arc welding process has identified the potential use of this technology to
perceptibly detect instabilities in the arc that could offer the potential of locating defects in
a welded foil. Furthermore, the use of acoustic emission techniques to evaluate hydrogen
cracking in slow strain-rate tensile (SSRT) tests in various hydrogen-charged specimens
proved that cracking could be estimated and monitored rather successfully from the total
acoustic emission (AE) [8].

The work presented here focuses on the weldability response of carbon-manganese
(C-Mn) steel utilising a fully austenitic stainless steel filler metal and a combination of
varying alloy inserts.

The main imperfections commonly found when welding these types of steels are
as follows:

Inadequate fusion;

Lack of penetration/excessive penetration;
Porosity;

Metallic and non-metallic inclusions;
Cracking;

Undercutting;

Lamellar tearing.

Such imperfections normally found in a weld or its HAZ can be deemed innocuous
under certain operating conditions defined by the design and quality assurance standard,
hence the term “imperfection” rather than “defect”. However, if certain conditions arise,
then these conditions may induce a growth in regions of higher stress intensities, which can
ultimately result in failure. This work encompasses studies aimed at inducing “cracking”
within the weld, which at the same time provides energy emissions for exploitation by
an NDE technique. The chosen NDE technique this research is investigating involves
the application of AE sensor technology to detect crack formation in a weld. Cracks
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are classified under two distinctive headings: hot cracking, also known as solidification
cracking and cold cracking or hydrogen-induced cracking.

Solidification cracking occurs during the initial stages of solidification and are com-
monly associated with the formation of low-temperature interdendritic phases and the
shape of the weld incapable of withstanding the terminal solidification stresses. The ter-
mination stresses and corresponding cracking sensitivity are further accentuated in joints
that are highly restrained and of large cross-sectional thickness. Thin weld beads are more
sensitive to cracking when the alloy contains volume fractions high in sulphur, Phosphorus,
and carbon, and when the depth-to-width ratio of weld promotes a horizontal solidifi-
cation profile. Prevention methods that must be considered when adopting arc welding
technologies are as follows:

Selection of appropriate filler wire size and welding parameters;
Consumables with low carbon and higher manganese and silicon;
Fusion profile that promotes depth-to-width ratio no greater than 2:1;
Weld pool surface profiles;

Avoidance of significant gaps;

Removal of surface contaminants.

Hydrogen-induced cracking (HIC) is more common in C-Mn and low-alloy steels
where the hardness values are >350 HV, and occurs when four factors have been simulta-
neously satisfied, these being microstructural sensitivity, highly stressed joints, increased
hydrogen enrichment and an Mt temperature near to normal ambient.

e  Microstructural sensitivity is due primarily to the HAZ having a hard and brittle
microstructure or if the martensitic finish temperature (Ms) is below normal ambi-
ent temperature.

e  Significant tensile stresses arising from high restraint and steep cooling curves, or a
high yield strength filler metal used to join a lower yield strength substrate.

e Hydrogen sources arising from decomposition of hydrocarbons and moisture sources,
e.g., flux-based welding processes.

e A temperature near to ambient that retards the rate at which nascent hydrogen dif-
fuses to a position where the above three factors overlap, causing the coalescence of
hydrogen molecules (gas) to induce a significant hydrostatic pressure.

The HAZ microstructure is more liable to result in failure from hydrogen cracking
due to low-heat inputs, giving rise to steep cooling curves, which in turn simultaneously
increases hardness and tensile stress. Solutions to overcome this problem involve using
higher heat inputs or pre-heating the substrate.

In a weldment, HIC is more prone to occur at the toe of weld (the junction between
the fusion zone and near-HAZ), due to a combination of geometrical change and higher
hardness experienced in the HAZ region. Many anomalies identified can be detected using
existing NDE techniques but, as previously mentioned, AE sensors are particularly sensi-
tive to detecting such phenomena and offer significant benefits to monitor time-delayed
cracking. Another method assessed for inducing flaws within a weld was undertaken
through introducing the fusing of non-compliant materials to stimulate cracking responses
during welding. In the work completed by Ser’eznov et al. [9], titanium and aluminium
inserts were fused within the substrate to cause brittle intermetallic phases within the weld
pool to promote a cracking tendency. Such flaws caused an increase in the amplitude and
total count of AE signals, characterising the process of nucleation and development of
cracks in the solidified weld.

Standard fusion welding of alloys (non-pure systems) indicatively produces a colum-
nar grain structure that results from heterogeneous nucleation promoted through epitaxial
growth. This mechanism promotes the direction of crystal growth from the substrate-liquid
interface through to the formation of dendrites within the liquid. Within this thermodynam-
ically controlled mechanism, it is possible that steep compositional gradients are created
that incubate the formation of intermetallic and low-melting point compounds, which
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under a favourable stress level rupture during the cooling phase, and it is here where the
emission of acoustic signals would exist.

1.3. Acoustic Emission (AE) Sensors

AE alters the shape of piezo-electric material, which in turn alters the respective
electrical signal. This is due to the elastic waves deforming the atomic structure, which
is further refined using specialist amplification electronics/measuring equipment. The
analysis of AE signals can help to understand the details in respect to the origin of the
defect/discontinuity in the material.

AE is different from most other sensing technologies for two reasons:

Instead of transmitting energy to the material being examined, it simply records emitted
energy over a defined threshold. Weld solidification provides enough energy for generating
elastic waves that are above such defined thresholds.

AE testing is concerned with changes in material discontinuities or density, as it providesthe
detection of active features like crack growth or spot indication, respectively, which can be
used to determine the quality of the weld.

AE emissions can be produced from crack initiation and growth in a metal during
dislocation and slip movements or phase transformations in allotropic metals. AE detection
takes place mostly when the material under load exhibits plastic deformation or is loaded
at the onset of its yield point. The presence of cracks in a metal implies that the level of
stress at the crack tip is many times higher than the surrounding area; therefore, AE can
provide distinguishing features when the material along the crack tip undergoes plastic
deformation. The output scale of energy produced by AE is in the form of waveform
amplitude, velocity, and signal attenuation (due to damping effects). The stress intensity
factor, load at the crack tip, and material modulus will then affect the crack growth rate,
which is proportional to the acoustic emission amplitude.

Investigating the weld after completion is a major consideration in which the welding
operator and welding inspector need to know whether the defined weld quality standard
has been achieved. Surface imperfections beyond the allowable magnification level may,
in fact, lead to consequences in service and thus require tests for validation. Combining
this with planar and non-planar imperfections, as well as their location, requires additional
classification. There are a variety of tests, both destructive and non-destructive, to ascertain
pre and post-process capability; acid etch, guided bends, tensile, X-ray, and ultrasonic tests
to name a few. All these methods are “after the fact” tests. Therefore, there is a need to
introduce less obtrusive real-time methods such as that provided by the AE NDE technique,
which can be suitably integrated for determining and measuring flaws and defects in situ.
This is the focus within the work presented here.

2. Literature
2.1. Investigating Sensor Technologies Applied to Welding Quality

Zhang et al. [10] investigated image-based acquisition systems utilising charge couple
devices (CCDs) to monitor weld pool profiles within the keyhole mode of the plasma arc
welding (PAW) process. During the PAW process, the keyhole status could be characterised
by indirect signals (generated when the keyhole is formed) and direct signals (keyhole
shape and size is maintained). However, all the detected information could only be used
to demonstrate the establishment of an open through-thickness keyhole but could not
give its dimensional information, the weld pool size, or any volumetric imperfections.
Rosado et al. [11] investigated a new non-destructive testing (NDT) system that focused on
the application of a new ionic eddy current method to assess the evolution of micro-size
superficial defects in metallic joints. Another addition is plasma optical spectroscopy by
Ferrara et al. [12], which is also an advancement in weld monitoring, where the emitted
plume provides indications of the weld quality; however, there is little publicised liter-
ature available suggesting barriers to industrial practicalities. Yi et al. [13] carried out
trials using the AE system applied to assessing the metal droplet transfer characteristics
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within the MAG process and Kamal et al. [14] compared the arc sound of a pulsed MAG
sequence at various process parameters and found that the welding arc sound was strongly
related to both metal droplet transfer and weld quality, which enhances the ability to
detect welding stability and defects. Paoletti et al. [15] investigated the impact of mate-
rial transform parameters influencing the joint quality. Spot bonding using the friction
stir technique (FSSB) applied to polycarbonate sheets was monitored through torque sig-
nals via piezo-electric dynamometers distinguishing abusive from normal conditions. In
addition to this, temperature (infrared radiation) could be extracted from an infrared py-
rometer. Eriksson et al. [16] created a method to characterise imperfections during laser
welding employing a mix of sensors that utilised spectrometry, photodiode analysis, and
visible imaging; such techniques can lead to numerous physical features being quantified.
Sibillano et al. [17] investigated a technique for on-line identification of joint penetration
utilising spectroscopic analysis of the optical emission collected from the laser-metal in-
teraction zone. From examining the optical emission from the connection zone between
the laser and metal, the resulting spectra reveal unique signatures of different phenomena.
Guokai et al. [18] also carried out studies using a CCD camera and an infrared camera to
visually monitor the weld pool. The dynamic dimensional transformations that occur in
the weld pool/keyhole for short periods were obtained with confidence. Sudrez et al. [19]
explored different avenues using fibre Bragg grating sensors during tungsten inert gas
(TIG) welding of aluminium-magnesium alloy plates, where tests found transient and
residual strains located within the HAZ. Their view was that, once detected, distortion
would be actively decreased to ensure the process is corrected in situ.

The discussed research shows an increase in technologies that have been used to define
the parameters for welding and the determination between a good and a poor weld. Such
processes require further investigations, and one process specifically that has been targeted
is the application of AE to the MAG process, which may give valuable in situ information
that is also consistent with conventional NDE techniques. In the next section, AE sensors
applied to welding will be discussed in greater depth.

2.2. Acoustic Emission Sensors Applied to Monitoring Weld Quality In Situ

Ladislav et al. [20] carried out a feasibility study on acoustic signals for the on-line
monitoring of the MAG welding process using the short circuit (dip transfer) mode. Mi-
crophones and PZT sensors were used to detect the responsive behaviour of any weld
defects by using different inserted steel materials. The study concluded that AE sensors
can be used for detecting short circuits. The measured signals from the PZT sensor showed
complexity and it was not possible to find any direct relation with welding current as the
distance of the microphone from the weld surface induced a delay when reading the results.

AE produced by metal droplet transfer gives a very strong signal for monitoring.
From measuring metal drop transfer using AE signatures, the authors of [9] were able to
measure the following phenomena: flow of the molten pool, microstructure phase changes,
liberation of internal tension, dilatations, and plastic deformation. The AE study opens up
the possibilities of locating defects within the welded joint during the cooling phase where
microstructural phase changes and plastic deformations were identified.

The measurements found in [20] of the arc acoustic waveforms and welding currents
within the short circuit transfer mode were completed using two arc voltage settings: 19
and 21 Volts. Airborne acoustic emission measurements were completed by a microphone
and a contact PZT sensor positioned at a fixed distance of 350 mm from the welding arc.
During the tests, peaks in acoustic pressure were observed by the airborne microphone
(time domain) and correlated with measured current peaks of short circuits. The variations
in the signals provided by the PZT sensor during welding, however, were imperceptible in
the time domain and were difficult to correlate to those changes in welding current. Their
conclusions were that the arc behaviour can be monitored to detect weld quality and that
the soundwaves from metal droplet transfer are easier to detect than those of arc re-ignition
and produce the most perceptible acoustic patterns. Arc re-ignition is an important facet to
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monitor during welding, as arc extinguishment can lead to material irregularities. This,
however, is difficult to distinguish from other phenomena.

Cayo and Absi [21] examined acoustic signals emitted from three welding transfer
modes; within this work, the microphone position was of 150 mm from the weld pool. The
study was based on analysing sound waves resultant from changes within the electric arc
and impact of the molten drops into the weld pool. Nevertheless, they have found that
the acoustic signals of the impacted droplets in the spray transference mode are difficult
to perceive due to the smaller sizes and reduced specific droplet mass during this mode
of transfer. Their study showed that the sound pressure can be a good online indicator
for globular transfer, the intermediate mode between dip and spray. For the short circuit
transfer mode, the variation in the sound pressure is not very clear and the authors could
not correlate them with the defected welds.

Karlsson [22] investigated monitoring acoustic patterns emitted from weld cooling
with no defect. Such monitoring was carried out to detect crack initiations, growth, and
their locations by analysing the acoustic signals emitted during the material transformation.
The monitoring of the airborne acoustic emissions for several welds was conducted in the
range of 5-15 s after finishing the weld. Furthermore, Karlsson’s work stated that “emitted
spikes and noise have frequencies around 150-200 kHz indicating crack growth in the
material” and the study again concluded the theory of an increase in AE by the initiation
and propagation of cracks within cooling welds.

Cayo and Alfaro [23] made the comparative analysis in the time and frequency domain
with the acoustical pressure generated by the electric arc to determine which of the two
analysis methods was better to evaluate the stability in the MAG welding process. They
concluded that the integrity of a weld can be disturbed through the introduction of grease
contaminants and that the welding arc becomes unstable when passing over an unclean
surface, resulting in an acoustic pressure decrease, but with increased variations in its AE.
Moreover, the analysis of AE in the time domain is more helpful in distinguishing the
variations in the acoustic pressures than in the frequency domain.

Wadley and Scruby [24] measured the static component of displacement using con-
ventional strain gauge arrangements. This enabled the development of a reasonable
understanding in linking AE outputs to the microstructure’s static mechanical properties.
The method allows for the detection to locate the site of active defects, especially those
that grow under service loads. This technique, however, is insensitive to flaws that are not
critically stressed. It should also be noted that some processes of deformation/fracture are
undetectable (such as ductile fracture). Typical AE data for the steels show that carbon
concentration clearly has a strong effect upon the AE activity.

Interestingly, these researchers [24] noticed that, during plastic deformation, the duplex
microstructure gave the most AE with medium carbon bainite and austenite phases being
the only other structures giving detectable emission. For a slow-cooled ferrite—pearlite
structure, the AE was associated with the nucleation of slip bands. This research concluded
that intermediate cooling rates resulted in a dual-phase microstructure consisting of ferrite
and austenite (&c/7y) in low carbon steel. Subsequent straining generated very intense
acoustic emissions, believed to be associated with retained austenite slip occurring from the
diffusionless martensitic transformation. However, when an intergranular crack advances
in such steels, this is the most readily detectable fracture process.

Sharma et al. [25] used the following incidents to promote welding defects: cotton
thread for inclusion, grease for porosity, and metallic wire inserted in different parts
to promote cracking. All five specimens had the following AE parameters recorded:
amplitude, duration, count, RMS, energy, and event all vs. time. Their observations
identified that an 85-100 dB signal was recorded for normal welding and 120-125 ms
was recorded as the standard duration time for all welding. There was no identification
of defects during the “welding only” detection phase, but during the cooling phase the
following imperfections were identified: porosity, shrinkage, and cracks. Radiographic
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results verified these defects in the weld and corroborated the AE results. It was also noticed
that if a change occurred in the range from 80 to 100 amps, an increase in hardness resulted.

Very similar to AE and strain gauges is the use of fibre Bragg grating (FBG), wherein
strain released from thermal variations can be extracted from the waveform travelling
through optic fibre waveguide. When variation is subjected to the FBG in the form of strain,
this waveform is changed, and such variations measured. FBGs were used to determine
material differences during welding by Rodriguez-Cobo et al. [26].

The discussed investigations reinforce the applicability of using both airborne and
contact methods of AE for the determination of weld surface and volumetric integrity both
in situ or off-line.

As there are many thermal and kinematic events occurring during the weld cycle,
it is important to deliberately force or seed the correct defect for detection. Out of all
the deliberate defect tests, it is thought that the use different material inserts promotes
cracks more readily than other techniques. The experimentation of the presented work
will follow the ideas presented by [9]. Such tests will investigate alternative, but more
compliant, insert materials to closely obtain more expansive realistic datasets wherein both
time and frequency domains will show distinguishing phenomena. By using advanced PAC
wideband AE sensors, it is possible to acquire a higher-resolution recording, displaying
the suitability for such technologies, which was not displayed by [9]. Other authors also
concluded that it was not possible to detect ductile fracture mechanisms as well as flaws
that were stressed sufficiently to detect initial crack growth; such sensor enhancements
should now ensure this is possible where both elastic and plastic material phenomena are
identified during scratch tests [27]. The setup of using an AE contact sensor to distinguish
crack initiation/propagations with such a setup using different insertable inserts has not
been seen before in the literature.

In terms of the specific digital signal processing techniques to show separation between
the two sources of extracted acoustic date, the following discussions are necessary.

He and Li’s work [28] used time—frequency analysis in the form of continuous wavelet
transform (CWT) in order to compress the AE signal and use it as a signature fingerprint to
discriminate between a good/bad MIG weld. Principal Component Analysis (PCA) are
used to determine the most significant compressed-transformed data of the CWT-applied
AE data. A support vector machine is then used to provide automated classifications
between a good/bad weld. PCA used as the CWT AE information can produce computa-
tionally heavy data signatures on their own. This is perhaps the closest work completed
when compared with the discussed work here, where short-time Fourier transform (STFT)
is used a method to differentiate such phenomena. STFT was chosen as CWT was con-
sidered more computationally expensive and needing techniques such as PCA to display
signal differences. STFTs have been used by the authors before in previous work [27] with
the setup experiment providing definite phenomena from material interactions. STFT is
perfectly adequate to describe such a focused phenomenon of interest, because converting
from CWT to the time—frequency domain can result in a loss of substantial information.

Basantes-Defaz et al.’s [29] research also discusses very similar work to what is dis-
cussed here. However, instead of using a non-contact microphone and a contact acoustic
emission sensor (AE), as in this paper’s research [29], it looks at using two contact AE
sensors as airborne sensors, which is certainly novel, because the use of contact dedicated
to non-contact, airborne audio acoustic activity is very unorthodox. Surely, using dedicated
airborne microphones as in the research presented here is more appropriate and sensitive
to airborne change phenomena? Within the work presented in this paper, both contact and
non-contact microphones have been used, where the former monitors phenomena in the ul-
trasonic frequency range and the latter monitors phenomena in the audio frequency range.
Nevertheless, the airborne acoustic signature is obtained in [29] and used in a qualitative
manner to represent the depth of penetration of the weld where different signatures result
in different achieved depths of weld penetration. The two AE sensors work independent
of each other as they both have different characteristics; one being specifically used for a
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low frequency range, and the other a wide-band frequency range. In addition, the dB noise
threshold for sensitivity is set differently for each sensor. The third sensor, however, is
configured in a conventional manner on a track to move along at the same rate as the weld
torch. The sensor in this case is a contact ultrasonic pulse echo system and based on time-
of-flight measurements, which can discriminate between different material characteristics
through a change in boundaries based on different recorded penetration energies.

This work not only verifies the setup with the work being discussed here, it also
discusses that such technologies play a vital role in the detection of welding anomalies.
Finally, the work discussed by [29] concentrates specifically on anomaly identification,
namely burn through. Further work will look at using machine learning technologies to
provide automatic detection. The work presented in this paper also concentrates on anoma-
lies, namely weld quality and crack detection. Future work will also look at automated
discrimination through the use of machine learning technologies.

Interrogating Basentes-Defaz et al.’s research work [29] revealed that the data collected
by these AE sensors also provided information on possible superficial discontinuities or
defects in the weld metal. If a superficial indentation or defect is displayed, both the ASL
scan and the AE absolute energy plot showed the exact location of this surface discontinuity,
which was located at 85 mm from the start of the weld. The sudden signal burst that
occurred at the exact location of the superficial indication was determined, confirming that,
where a non-uniform condition or weld defect appears, this appears as a sudden surge
in the AE absolute energy and therefore a key indicator in determining the signature and
potential characteristic for automatic detection. These observations correlate very well with
the findings in the work and displayed in this paper.

There are a few sources, such as Madhvacharyula et al. [30], Kanungo et al. [31],
and Kale et al. [32], which have started reporting machine learning techniques applied
to detected AE sources that can indicate welding defects. Moreover, Kanungo et al.’s
work [31] used cluster k-means analysis to show the more significant features from several
AE parameters, namely peak amplitude, kurtosis, energy, and the number of counts. As
there are several dimensions here and cluster k-means analysis requires the most significant
features, principal component analysis is used.

AE signals used to distinguish cracks from porosity would look at short-burst high-
amplitude data vs. shorter decay time and lower amplitude, respectively, as discussed
by Roca et al. [33]. These differences were stored within an artificial neural network to
give a computer model of the gas—metal arc welding (GMAW) process. This research is
perhaps the closest research discussed in the paper where several AE parameters are used
to distinguish different crack phenomena. However, no machining learning work has been
used within this research work, as the focus is purely on connecting the signal analysis
phenomena with the physical material analysis phenomena.

The review made by [33] discussed frequency domain, time-frequency analysis meth-
ods such as empirical mode decomposition (EMD), and STFT, which provide useful infor-
mation about the type and location of the defect. This is one major reason why STFT is
used over other techniques. As an extension of this work, the research completed by [28] re-
inforces the use of STFTs to provide demagnetisation fault diagnosis of permanent magnet
synchronous motors (PMSMs). The STFT provided the stator current signals for both the
fault and non-fault case wherein significant harmonics were in more abundance and more
salient for the former compared with the latter. STFTs, however, have not been seen before
in fault diagnostics where CWTs, Hilbert-Huang transform (HHTs), and Wigner-Ville
distribution (WVD) have been used before. This is not the case for joining technologies
wherein anomalies and none anomalies have been displayed before using STFTs. However,
specific to the setup in terms of material inserts and MAG processes, the authors of this
paper believe this to be a first. Kale et al. [32] used a number of machine learning techniques
to separate the anomalies, which is promising considering that future work associated
with this research is intended to pursue future ideas, correlating automatically welding
defects using AE sensors (both contact and none contact) along with DSP to discriminate
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between an acceptable and non-acceptable weld. Work presented in a paper by Pietrza-
kand Wolkiewicz [34] identified that STFT analysis of vibration signals allowed for the
differentiation between a good machine cutting tool and machine cutting tools with five
different faulty conditions. Similar to this work, refs. [32,34] used deep belief networks to
differentiate between different states. Vibration-extracted signals use similar technologies
to AE, which again reinforces why STFTs should be used over other techniques.

All the above reinforces the use of STFTs over other transforms. Using STFTs with
the specific setup has not been reported before in previous published work. Furthermore,
while the raw AE parameters are recorded to distinguish welding defects, AE rise time has
not been used before. The reason for such a parameter being used was down to it being
less noise-prone as a source of error when obtaining other parameters such as ASL scan
and amplitude energy. Another aspect to the novelty of using this parameter is based on
the recording after the welding event to note anomalies during material settlement during
the cooling phase, and this has also not been communicated in the previous literature.

3. Initiated Cracks during MAG Welding

This section concentrates on the welding experiment strategy aimed at engineering
flaws within a controlled “flawed” framework using the MAG welding process.

3.1. Experimentation Phase

ASTM A36 carbon—manganese steel was used as the substrate for these experiments—
the chemistry is provided in Table 1 with its respective carbon equivalent value and the
internationally accepted formula used for its evaluation (1) [35].

Table 1. Chemical composition for ASTM A36 plate and its CEy (carbon equivalent).

Chemical Composition wt.%
C Mn Si Cu P S CEv
0.270 1.030 0.270 0.100 0.020 0.015 0.45

The calculated carbon equivalent value was used to determine hardenability and
hydrogen cracking susceptibility, as a CEv around 0.4 is deemed readily weldable without
the need for any special precautions such as pre-heat and controlled restraint. The value of
0.45 places the ASTM A36 plate very favourably in this range for determining a baseline
value to establish an imperfection-tolerant deposition based on the ASTM A36 plate, EN8
insert, and 307Si filler wire combination.

Mn Cr+Mo+V n Cu + Ni

Ey = —
CvC+6+ 5 5

)

The plate was fixed to an ABB robotic tilt and turn manipulating table, part of an eight-
axes system integrated with a Fronius TPS 500i CMT™ MAG-welding power source. Heat
input and deposition parameters were developed for a simple bead-on-plate using a 1.0 mm
diameter 3075i welding wire employing an Ar-2.5% CO, gas—shield mixture (Classification
ISO 14175-M12) to maintain a dip transfer mode. This is because this gas mixture elevates
the transition current threshold value needed to enter the spray mode region. The contact-
tip-to-work distance (CTWD) was set at 14 mm with the torch maintained in a 90-degree
position to the substrate Figure 1.

Linked to this set up were the GRAS airborne and PAC contact AE microphones to
ensure maximum signal extraction, as seen in Figure 2. Initially, baseline welding conditions
were carried out to gain comparable normal operating conditions and to calibrate the
substrate weldability baseline to observe the nominal/neutral signal response seen in
Figure 2, as the far-right-inclined deposits. Bead-on-plate runs were then undertaken with
different inserts being sited to promote an imperfection response within the solidifying
weld and cooling region. Imperfections within or around the weld were analysed both
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visually and via optical microscopy, and regions of interest relating to particular phase
developments were also assessed using scanning electron microscopy.

Figure 1. Eight-axes ABB robotic system utilising Fronius TPS 500i CMT™ MAG-welding
power source.

Figure 2. Exhibiting the MISTRAS contact sensor located in the top left of the image, with positions 1
to 4, denoted within the red circles identifying the location of the CMSX4 insert; positions 5 and 6
denoted within the red rectangle identifying the location of the EN8 inserts; and the inclined beads
completed over alloy 718 inserts. Baseline bead-on-plate fusion runs presented in an inclined format
to the far right.

Welding Material Considerations

ASTM A36 carbon—-manganese steel is a commonly used structural steel that has
excellent fabrication properties, i.e., good weldability, machinability, forming, and punching.
It has a defined minimum yield strength of 36 ksi (250 MPa) with a UTS ranging from 58 to
80 ksi (circa 400-550 MPa) [36].
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The filler material used for these experiments was a 1.0 mm diameter Nexus 307Si
solid wire classified as ISO 14343—A:G 18 8 Mn.

Varying metal inserts of increasing complexity in chemistry were deployed to enhance
imperfection sensitivity within the deposit. The chemistry of the three types of inserts used
(Alloy 718, CMSX4, and ENS Steel) are provided in Table 2.

Table 2. Specified chemical composition of material inserts Alloy 718, CMSX-4, and ENS steel.

Material Insert Element wt. % Element wt.%
Ni + Co 50-55 Mn 0.35 max
Cr 17-21 Si 0.35 max
Nb + Ta 4.75-5.5 P 0.015 max
Alloy 718 Ti 0.65-1.15 S 0.015 max
Al 0.2-0.8 B 0.006 max
Co 1.00 max Cu 0.30 max
C 0.08 max Fe Balance
Material insert Element wt.% Element wt.%
Cr 6.5 Al 5.6
Co 9.6 Ti 1.0
CMSX-4 \ 6.4 Ta 6.5
Re 3.0 Hf 0.1
Mo 0.6 Ni Balance
Material insert Element wt.% Element wt.%
C 0.36-0.44 Cr -
ENS * Si 0.1-0.4 Mo -
Mn 0.6-1.0 Ni -
S 0.05 max Fe Remainder

* The CEv for ENS steel ranges from 0.46 to 0.63.

Cannon Muskegon Corporation’s CMSX-4 is a second-generation single crystal nickel-
based superalloy containing rhenium. It is used within aerospace gas-turbine power
units and is known to have an extremely poor weldability due to the combination of a
large solidification range and complex creep-resistant mechanism that exacerbates this
poor response.

ENS is a medium carbon steel material with a carbon equivalent value (CEv) > 0.4
and was used as an insert to determine the lower-level sensitivity response. This steel,
with a typical carbon range from 0.36 to 0.44, achieves increased hardness through thermal
modifications and has a CEv ranging from 0.46 to 0.63. The material also contains phos-
phorous and sulphur contents controlled to a maximum and minimum content of 0.05 and
0.005, respectively. These elements are strictly controlled as they widen the solidification
temperature of a carbon steel, resulting in an extension of grain boundary area, which in
turn increases the metal’s solidification cracking tendency.

Alloy 718 is a complex gamma/gamma double-prime precipitation nickel-based alloy
also used within gas-turbine power units for high-temperature strength and was the third
insert used in this experimental phase. The alloy was initially developed by the Inter-
national nickel company as a material to enhance material performance at temperatures
approaching 650 °C. In developing this requirement, the alloy’s composition becomes
rather complex to create stable intermetallic precipitation phases consisting of the ordered
body centred tetragonal (BCT) NizNb compound through reducing the Al/Ti ratios [37].
Developing such a complex metallurgical phase for performance properties consequently
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promotes weldability challenges when grain sizes increase, and although Alloy 718 has
proved to have enhanced weldability in a wrought form when compared to other perfor-
mance alloys, its sensitivity heightens if grain size becomes too large, circa < ASTM3. It is
worth noting that the grain size number increases with decreasing grain size.

The experimental strategy is based on the work carried out by [9] wherein simultane-
ous inspection using dual sensors (GRAS airborne and PAC wide band acoustic emission
sensors) enables the ability to differentiate a weld with or without defects. This strategy
was further confirmed by Merchant [38] who assessed the effect of cooling and hardness
using the manual metal arc welding process, enabling the potential cross-examination of
the fidelity and sensitivity in extracting soundwaves to determine the increasing range of
hardness susceptible to brittle fracture.

3.2. Sensor Setup

The GRAS sensor enables airborne/contactless assessments by providing a highly
sensitive capability to detect sound phenomena. It was positioned 35 mm from the heat-
affected zone (HAZ) to maximise signal-to-noise ratios (SNRs). The physical acoustics
corporation sensor (PAC), now operating as MISTRAS, was attached to the base material.

These sensors are sensitive pieces of equipment, so their placement was seen to be
critical to prevent excessive thermal exposure from heat conductivity during welding. The
derivation of a safe placement distance for these sensors was determined through using
Adams [39] relationship given in Equation (2).

1 ApCytY 1
Tp =T, B Hpet T —To

@

where Tp = peak temperature

T, = initial temperature of the plate;

T, = melting point of carbon steel 1510 °C;

A = constant for carbon steel (4.13);

Cp = specific heat capacity of solid metal at constant pressure;

t = thickness of substrate metal;

Y = distance at which T, is set.

Solving for Y to avoid sensor overheating during welding gives the following value of
49.7 mm to achieve 50 °C. Therefore, a sensor positioned at 100 mm was deemed “thermally
safe” for these experiments. For future experiments, sensors rated above a 100 °C contact
temperature could be positioned 25 mm from the weld junction if an equivalent plate
thickness and energy rate is used.

In addition to this, the PAC sensors were placed in a specially designed sensor housing
and fixed to the weld plate with lubricant in between to promote a good signal attenuation
response. It is worth noting that the weld direction is towards the sensor.

Such distances are susceptible to noise, and therefore filtration is provided through
software and hardware means. The hardware filtering on the sensor used a Chebyshev
20 kHz high-pass filter to remove any unwanted mechanical and audible noise and a
Chebyshev 1000 kHz low-pass filter was used to remove any unwanted white noise. The
software filtering is based around recording past a defined noise limit, which was set at
35 dB. It is expected that the contact sensors will give a higher resolution to distinguish
finer features than that expected of the airborne sensors.

Where the airborne sensor is more focused towards analysing the sound during the
welding process, the AE contact sensor concentrates on obtaining the emission during the
immediate cooling phase.

Since this experimental phase adopted the “bead-on-plate” format rather than the
more conventional welding method of joining two plates together, it allowed for the use
of pre-shaped inserts with different chemical compositions strategically positioned along
the welding line to seed various chemistry disparities and induce imperfections, which
facilitates the identification from a change in noise at that point of cracking. At this point, it
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was perceived that it would display different characteristics in both the frequency and time
domains, reflecting similar attributes observed in tangential research previously completed.
Therefore, any abnormalities in the noise level of the weld could be identified from using
accurate/sensitive sensors.

3.3. Material Inspection

The results from these weld sequences were verified through both visual and mi-
crostructural analysis, where the welded material was sectioned in both the longitudinal
and transverse directions, and optically analysed. Results were then correlated and com-
pared to the emitted wave phenomenon.

Experimental Setup: Automated MAG Welding with Inserts and Sensing

The deployed sensors were the GRAS 46 BE, 1 inch constant current power CCP
airborne microphone (contactless), and MISTRAS (PAC) ISPKWDI wide band microphone
(contact). The GRAS airborne microphones were placed a distance of 35 mm to reflect the
work of [20] Ladislav et al. (2003). The contact AE sensor was connected 100 mm from the
start of the weld line [21] (Cayo and Absi, 2008) to record the phenomena further away.
The setup schematic for welding insert tests can be seen in Figure 3. The GRAS microphone
used Sinus’s Apollo USB acoustics analyser to record the airborne sound acquisition. The
sampling rate used to capture the airborne soundwaves was 200 kHz. The MISTRAS sensor,
however, used AE Win for USB where the acquisition system could be run from a laptop
USB as a portable solution simulating real-time monitoring in the field. The sampling
rate used for the contact AE sensor was 2 MHz to ensure that the full bandwidth of the
ISPKWDI sensor could be recorded between 100 and 800 kHz. The ISPKWDI sensor is an
intrinsically safe AE sensor with a low-power integral pre-amplifier. Each recording (both
contact and none contact sensors) were triggered when the machine controller started the
welding process, and was therefore synchronised to the phenomena of interest.

9.8mm (3/8”) thick carbon steel

plate machined to 3 e ;
, increase sensitivity to cracking
accommodate inserts

et

= ‘=E<1\ Carbon steel frame and clamps
—y —%/7 manufactured to hold plate in a

3 material inserts
(EN 8, Alloy 718 and CMSX4) to

controlled position

—______ GRAS Microphones = PAC AE Wide band
sensors 0.5 to 4.5 MHz

Data acquisition /
recorder

Figure 3. Schematic diagram of the experimental configuration showing the position of the GRAS
and PAC microphones with respect to the ASTM A 36 carbon steel plate and inserts.

In terms of limitations for the experiments carried out within this research, the different
insert materials stimulate the majority of the joining anomalies, specifically those of crack
formation and propagation, which affects the weld integrity and is therefore important
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for proof-of-concept for a welding defect detection system. There are other recognised
anomalies indicative of a poor setup; however, these are for future work.

4. Results and Discussion: Mag Welding

Several essential variable recordings were made during the welding process, these
being welding current (I), voltage (V), wire feed speed (WFS), and travel speed (v). The
power and heat energy per unit length value (Hyet) for the baseline bead-on-plate conditions
using the 307Si to C-Mn sequence were all calculated using Equation (3) and reported in
Table 3.

Heat Input (Hnet) =k (I x U)/v 3)

where I = Welding arc current;

Table 3. Baseline welding conditions used for the bead-on-plate runs (2 decimal places).

Efficiency Factor  Velocity (mm/s) Hnet
Current (I) Speed (m/min) Arc Voltage (U) Power (kW) % o (iJ/mm)
186.00 22.50 4.18 0.80 8.00 0.42

U = Arc voltage;

v = Heat source velocity;

k = Thermal efficiency of the welding process (EN1011-1).

The system utilised a constant voltage characteristic to maintain near-consistent energy
density throughout all experiments.

It is worth noting that the derivation in thermal efficiency for this work was taken
directly from the European standard but the principles of its origin can be extracted
from experimentation work completed by several authors but summarised by DuPont
and Marder, 1995, [40] in Equation (4). The thermal efficiency simply reflects the losses
accounted for within the total energy balance:

k = (Eg, + Epm)/ (Earc + electrode) 4)

where Earc + electrode = the input electrical values per second (J) *;

k = the quantification of energy lost to the environment;

E¢, = the energy used for melting of the fusion zone;

Epm = the energy lost to the surrounding base metal.

* It should be noted that the definition of arc efficiency is a representation of energy
transferred to the base metal from both the arc and electrode. The “true” arc efficiency
value would require a voltage measurement from the electrode tip to the base metal that
has been reported to be difficult and impractical, so a combined electrode and arc voltage
recorded at the power source is commonly adopted.

Material Preparation Phase

Figure 4 exhibits the plate and insert configuration. Thickness microscopy specimens
with length and width dimensions of 16 mm X 25 mm, respectively, were prepared and
analysed using optical microscopy to correlate signal to features of interest.
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Figure 4. Showing the configuration and positioning of samples.

Table 4 provides the deposition parameters used for the bead-on-plate experiments.

Table 4. Deposition parameters used for the various insert tests.

Welding Parameters (2 Decimal Places)

Wire Feed Thermal

Nigtseerri; Current (I) Voltage (U) ( i}/);eli ) I:l(:ae)r Efﬁcli(ency VeII(I)l(I::/); () (inI/IILeItn )
N/A 186.00 22.50 9.20 4.18 0.80 8.00 0.42

Alloy 718 171.00 22.30 9.20 3.81 0.80 8.00 0.38

CMSX-4 131.00 22.80 9.20 2.99 0.80 8.00 0.30
ENS 118.00 21.90 9.20 2.58 0.80 8.00 0.26

The thermal efficiency (k) is taken from the standard EN1011-1 for the MAG process.

Table 5 exhibits the solidification proportion of elemental combination values of
the ASTM A36 steel plate chemistry, the 307 Si filler wire, and the respective inserts for
each combination.

Table 5. Approximate composition of the final weld (2 decimal places).

Approximate Composition of the Final Weld (2 Decimal Places)

Dilution
Material Cr Mo Si Fe Ni C Mn %o
3075i 12.95 0.07 0.70 45.71 5.95 0.07 455 70
Baseplate 0.00 0.00 0.08 29.53 0.00 0.08 0.31 30
Totals 12.95 0.07 0.78 75.24 5.95 0.15 4.86
3075i 9.24 0.05 0.50 32.65 4.25 0.05 3.25 50
Baseplate 0.00 0.00 0.04 14.77 0.00 0.04 0.16 15
ENS 0.00 0.00 0.09 34.49 0.00 0.14 0.28 35
Totals 9.24 0.05 0.63 81.91 4.25 0.23 3.69
307Si 9.24 0.05 0.50 32.65 4.25 0.05 3.25 50
Baseplate 0.00 0.00 0.04 14.76 0.00 0.04 0.16 15
Alloy 718 6.65 0.00 0.05 7.21 18.38 0.01 0.05 35
Totals 15.89 0.05 0.59 54.62 22.63 0.10 3.46
3075i 9.24 0.05 0.50 32.65 4.25 0.05 3.25 50
Baseplate 0.00 0.00 0.04 14.77 0.00 0.04 0.16 15
CMSX-4 2.28 0.21 0.00 0.00 20.89 0.00 0.00 35

Totals 11.52 0.26 0.54 47.42 25.14 0.09 3.40
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Through considering appropriate dilution values of the final solidified weld, it was
possible to exacerbate the chemical heterogeneity that significantly affects the solidification
range and solid-state transformation products in the more complex Alloy 718 and CMSX4
fusion deposits.

Figure 5a displays a plan view exhibiting a crack between the 3075i, ASTM A36 plate,
and 718 alloy insert. Figure 5b,c provide the sectional region and the macrographic view,
respectively, identifying the faceted crack area within the junction between the geometrical
region, the Alloy 718 insert, and the ASTM A36 plate welded with the 3075i filler wire.
Figure 5d displays the detailed cracked region exhibiting a more detailed view of the
dendritic structure commonly observed with arc welding with the highly alloyed nickel-
based alloys of the type 718. Figure 5e depicts the formation of the brittle intermetallic
Laves phase within the interdendritic regions resulting from segregation.

Region B

(d) (e)

Figure 5. (a) Welded Alloy 718 Insert at x0.5 mag. (b) Identifying cross-section A—A (x0.5 mag).
(c) Section A-A at (x10 mag). (d) Showing crack region. (e) Highlighting sporadic Laves.



Acoustics 2023, 5

731

Figure 6a displays a plan view that exhibits three sample combinations between the
ASTM A36 baseplate, CMSX4, and the 307Si filler material. Longitudinal and transverse
sectional assessment is taken between A—A and B-B, respectively.

307Si filler material

: Highly diluted region high-
« lighted in figure 5a

~ CSMX4 insert

ASTM A36 plate

(b)

(©)

(d)

Figure 6. (a) Exhibiting the longitudinal and transverse regions between ASTM A36 plate, CMSX-4
insert, and 3075i filler (x0.5 mag). (b) Showing a notch region where fusion between the CMSX-4
insert, ASTM A36 steel plate, and 307Si—separation/tearing and crack initiation region. (c) Exhibiting
the mixture region between the CMSX-4, 3075i, and ASTM A36 steel with dilution ratios of 35:50:15.
(d) Transverse section at lack of fusion and cracking region x4 mag.

Figure 6b displays a macrographic transverse region of the three-material combination
and the highly diluted complex region at the triple interface region, which coincides with
a change in geometry and developed a notch to accentuate a separation/tearing/crack
initiation position.

The fusion region containing 35:50:15 dilution ratios of CMSX 4:3075i:ASTM A36,
respectively, seems to have a reduced sensitivity to cracking at the surface region, as seen
in Figure 6¢c. However, as the concentration changes and favours a composition richer
in CMSX 4 and ASTM A36 at the toe of the melt run, this, combined with a geometrical
change observed at the triple-interface region, cracking and lack of fusion imperfections
were observed. It is hypothesised that the toe crack is simply due to the solidifying liquid
being incapable of withstanding the stress levels. Internal cracking appears to have initiated
at a grain boundary, due to the crack being deflected around the primary dendrite arms,
insinuating that cracking occurred before solidification was complete.

Figure 6d exhibits a lack of fusion imperfection, also defined within ISO 6520-1 as a
group 4 (4013) imperfection providing an interesting yet salient anomaly for detection by
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acoustic emission and/or airborne microphone NDT methods. Figure 6e is a zoomed-in
image of Figure 6d.

Completing melt runs between the ASTM A36, ENS, and 3075i did not show any major
imperfections due to the highly tolerant chemistry in maintaining a reduced solidification
zone, as seen in Figure 7a,b. There would, however, be a region within the fusion zone that
favoured a chemistry profile that promotes a martensitic microstructure, but due to the
process having a low hydrogen value in terms of mL/100 g of weld metal, no time-delay
cracking mechanism was observed nor expected.

(a) (b)

Figure 7. (a) Fusion section between the ASTM A36 plate, 3075i filler, and the ENS8 insert. (b) SEM
image detailing the tolerant chemistry between the steels.

5. Results and Discussion: AE (Contact and Airborne Sensors)
5.1. GRAS Acoustic Emission Results

The following sub-sections display the airborne GRAS microphone results for the
following materials: baseline condition (bead-on-plate weld material) with no insert, base-
line condition with Alloy 718 insert, baseline condition with CMSX4 insert, and baseline
condition with ENS Steel insert.

Within these results, the corresponding microstructures that correlate the extracted
signal phenomena with physical material conditions are displayed. It should be noted
that the signal recordings were achieved during welding and not during the cooling phase
(sound pressure waves). These conditions are based on the welding parameters defined
within Table 4 for each condition assessed.

For the GRAS airborne microphone, the system’s software allows the user to action the
acquisition with the parameters set for recording, as mentioned in the setup. This is also
the same for the MISTRAS contact AE sensor, where the synchronisation comes about from
the activity of the MAG arc phenomena recorded at the same time where both events are
aligned. The USB AE MISTRAS system produced a parameter-recorded file where outputs
such as amplitude, AE energy, AE counts, and time responses were used to discriminate
the phenomena at the position of interest.

As the airborne microphone records a constant recording, which is a continuous time
series waveform, it can be easily converted into time—frequency content. The MISTRAS
contact AE sensor, however, records events as output parameters and each parameter
contains a short burst of waveform data. However, this is not a continuous time series and
therefore only time—frequency content can result from the burst waveform data attached to
each output parameter.

The matlab function specgram and selected parameters were used to define the STFT
for GRAS airborne signal:

specgram (filename, 128, 204,800, Kaiser (128, 10), 87):
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Where the sampling rate was 204,800 kHz, 128 was the number of points for block
size within the signal, the window allows for the FFT segments and, in this case, a Kaiser
matlab window function is used, which has a resolution length of 128 points and shape
factor beta value of 10. The parameter at the end gives a number of points that overlap to
embed the window function into the signal, giving a continuous image. Such parameters
gave significantly more resolution in the time domain compared to the frequency domain
where more clarity was required.

specgram (filename, 1024, 2,000,000, Kaiser, (1024, 10), 875):

The above function and parameter values was used for the AE contact sensors which
translated the AE data into burst-mode time—frequency AE data. As the AE contact sensors
provide much higher pickup bandwidth frequency, the sampling frequency was 2 MHz
and a resolution time length for the Kaiser window at 1024 points, giving better resolution
in the time domain than the frequency domain (a similar amount was used for the window
overlap to embed the continuous signal into the image).

5.1.1. Baseline Welding Assessment

Figure 8—Bottom displays the short-time Fourier transform (STFT) of the airborne
AE sensor of the baseline welding condition associated only with carbon-manganese steel.
Such signals give the normal welding noise a baseline for comparing the baseline condition
with the modified material inserts to promote different levels of phenomena of interest.
Looking at both parts, the starting amplitudes and frequency ranges are significant aspects
of the arc starting condition. Thereafter, the signal noise amplitudes and frequencies are
low and uniform, signifying a defect-free weld.
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Figure 8. Baseline (BL) first test (Top) Time series, (Bottom) STFT (acoustic emission: GRAS airborne
microphone 1/8 inch).

5.1.2. Alloy 718 Insert Welding Assessment

When compared with the airborne AE STFT of Figure 9-Bottom; specifically looking
around the 8 s mark, and immediately after observing the weld nozzle exiting the interface
of C-Mn and Alloy 718, several sharp high-frequency bands were emitted, therefore
correlating Figure 9 STFT with significant abnormalities in the weld area, specifically, where
a crack occurred. The remainder of the emitted higher frequencies display the continued
weld over the insert material in comparison with Figure 8, the baseline case. The displayed
amplitude intensities are much higher in the Alloy 718 insert case displayed in Figure 9,
the baseline case. Such results give credence to detecting welding anomalies in situ with
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airborne sensors. The differences in emitted frequencies and noise levels can be attributed
to the changes in arc noise relating to abnormalities during the solidification terminus.
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Figure 9. Alloy 718 (Inco 718) third test (Top) Time series, (Bottom) STFT (acoustic emission: GRAS
airborne microphone 1/8 inch).

5.1.3. CMS5X4 Insert Welding Assessment

Figure 10 shows the corresponding signal emissions during the weld sequence. Look-
ing at the time axis at 5.8-7.8 s when the weld promotes fusion of the CMSX4 insert, a more
dominant frequency region is emitted where the discontinuity of the weld bead is found
between 7.5 and 7.8 s. This was confirmed from the corresponding microstructure seen in

Figure 6d.
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Figure 10. CMSX4 third test (Top) Time series, (Bottom) STFT (acoustic emission: GRAS airborne
microphone 1/8").
5.1.4. ENS8 Insert Welding Assessment

The use of ENS8 Steel inserts using standard C-Mn welding consumables would
generally be more tolerant to cracking than Alloy 718 and CMSX-4. However, through using
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a welding wire alloy that could modify the chemistry to one that extends the solidification
range may sufficiently shift the level of indifference that could challenge the sensitivity
of the sensor system. Figure 11 shows signal emissions during welding where, at time
periods of 5.5, 10.5, and 12.5 s, some discontinuities or imperfections may have existed.
However, no significant indications were found from the microstructural analysis. The
significant frequency bursts, however, for the EN8 insert, are across the pickup spectrum
from 80 to 1000 kHz and smaller in energy intensity (less dominant) when compared
with the anomalies seen in Figure 7a,b. The baseline case displayed by Figure 8 is less
dominant in signal phenomena when compared with all the welding cases with added
inserted materials.
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Figure 11. ENS Test 4 (Top) Time series, (Bottom) STFT (acoustic emission: GRAS airborne micro-
phone 1/8 inch).

In summary, the C-Mn/Alloy 718/3075i and C-Mn/CMSX4/307Si combinations re-
veal little difference with respect to the time series associated with the airborne microphones.
However, when transforming to the frequency domain, the STFT mappings do display
higher intensities across the recording spectrum within the regions of 70-1000 kHz. Here,
it can be seen that significant inconsistencies were noted between the three alloy mixtures.

This finding is different to what was discussed in the background and due mainly
to using more sensitive instrumentation coupled with time—frequency analysis. It can be
stated that, in both the time and frequency domain, it is possible to distinguish differences
in situ (such as the variation in arc noise and other process inconsistencies).

5.2. PAC Contact Acoustic Emissions Sensor Results

Table 6 provides rise-time measurement data from the AE contact sensor to give an
idea of the differences between each insert state. From the table, it is possible to see that the
standard deviation differences in the rise-time measurements are all within a similar per-
centage, suggestive of pattern trends. The max rise time shows higher differences for Alloy
718 and CMSX4, which is expected considering the differences in chemistry where EN8 and
BL are very similar to the plate chemistry and, therefore, the differences are fewer. Only the
rise-time parameter was discussed here as this was not seen in research before and showed
good demarcation from other parameters. The data from Table 7 are based around the
STFT energy utilisation and, again, the maximum bandwidth and high amplitude energy
utilisation is found with the inserts with the very different chemistries when compared
with chemistries that are similar to the plate material. Such differences show a good case
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for using machine learning techniques and providing automated classification/prediction
wherein all the data would be used in the sensor fusion approach. To apply full uncertainty,
considerations to measurements need to be applied at the beginning of the measurement
campaign, and this will be applied to future work.

Table 6. Average of rise-time measurements for each insert state (contact AE sensor).

Average Rise Time Parameter for AE Contact Sensor

% Difference SD from

Insert Material Max Rise Time (uS) Min Rise Time (uS) Standard Deviation Max RT
N/A 25,360 1 1829 7.2%
Alloy 718 31,628 1 2607 8.2%
CMSX-4 28,422 1 2716 9.5%
EN8 30,225 1 2688 8.9%
Table 7. Average of STFT measurements (airborne AE sensor).
Average STFT Energy Utilisation for Airborne Sensor
Insert Material Frequency Band Utilisation Percentage Amplitude Energy Utilisation
N/A Partial 30%
Alloy 718 Full 50%
CMSX-4 Almost Full: 90 kHz 40%
ENS Full 60%

5.2.1. Baseline Welding Condition

Although the metallographic analysis of the C-Mn welded samples revealed no
significant metallurgical anomalies for regions within baseline weld, as seen in Figure 12
(BL1), the corresponding cooling phase from 200 s to 300 s regions do have some facets that
are of interest. The associated AE amplitudes of Figure 12, AE rise time of Figure 13, and
AE counts of Figure 14 may allude to another welding anomaly (it is worth noting that
the dB amplitudes are much lower than those alloy insert cases wherein a range of lower
emissions was recorded for the welding phase). The initial 10 s for all tests relates to the
actual welding process for in situ monitoring, after which this becomes the cooling phase.
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Figure 12. AE amplitude comparison for PAC contact sensors and different insert placements.
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Figure 14. AE counts comparison for PAC contact sensors and different insert placements.

Figure 15 represents a time-frequency STFT plot for 175 s during the cooling phase of
welding CMSX4 insert test case and gives an indication of the recorded high-energy patterns
especially where the same is not recorded with the baseline welding cases. Figure 16 displays
the microstructure analysis for EN8 insert weldment material, and this corresponds with the
PAC sensor recordings wherein no cracks were observed from the AE signal analysis.

The cooling phase is scrutinised further in Figures 17 and 18 for the respective time
series, and Figures 19 and 20 for the corresponding STFTs. Figures 18 and 19 are split into
sub images (a), (b), and (c), which relates to the different welding conditions (a) baseline,
(b) CMSX4, and (c) ENS8 insert conditions, respectively. Here, the baseline conditions, the
amplitudes, energy rise time, and counts are displayed, where there appears to be an energy
release that is both continuous and uniform, signifying a ductile “oscillating” emission
rather than a sporadic brittle “burst”. The intensities of the baseline case are similar to
CMSX4 and ENS, albeit significantly less in accumulative energy density.
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(@
0.05
T N = A O S S
-0.05
0 2 4 6 8 10 12 14 16 18
x 10°
(b)
S 10
& o st I ap e s
5
S 10
0 2 4 6 8 10 12 14 16 18
x 10
(c)
0.05
s o At
-0.05

0 2 4 6 8 10 12 14 16 18
time (s) X 10-5

Figure 18. Time series AE contact sensor comparison signals at the end of the cooling phase for
(a) baseline case, (b) CMSX4, and (c¢) EN8 inset MAG weld tests.

x 10%@)
10F
0
8r 20
¥ 6l -40
=
o
o] -60
5 4
o
e
-80
2
-100
0
1 2 )
. 10-4 tlme)gs?o-4
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Figure 20. STFT AE contact sensor comparison signals at the end of the cooling phase for (a) baseline
case, (b) CMSX4, and (c) EN8 inserts MAG weld tests (reference to corresponding time series of
Figure 12b).

The baseline C-Mn weld was initially carried out to signify the normalised condition.
Figure 8 displays the normal frequency range wherein sharp amplitudes are not present.
The only sharp amplitude and wide frequency utilisation is noticed at the start of the weld
due to arc initiation. For this part of the analysis using the PAC AE wideband contact
sensor, only the C-Mn baseline, EN8, and CMSX4 material cases are displayed. The choice
of selected output signal data is based on the different material inserts chosen to represent
different signal phenomena. This, however, is not to the point where patterns are not
distinguishable from one another.

5.2.2. CMSX4 Insert Weld

The weld bead can be analysed with the naked eye, and the existence of certain
abnormalities in the insert welded region can be found.

Figure 12 displays the PAC AE contact sensor results for the CMSX4 insert, which
specifically refers to test 2, of a set 3 “CMSX4 insert experiments”. From looking at the
AE amplitude from 70 s to 245 s, this is representative of the material cooling from the
initial to the intermediate phase. When comparing the CMSX4 with the baseline C-Mn,
the AE amplitude energy (Figure 12), rise time (Figure 13), and counts (Figure 14) are
all higher and indicative of a potential anomaly; in this case, a crack. It can be inferred
that Figures 13 and 14 give a more focused dimension of anomaly detection where higher
accumulations of rise time and counts activity can be noted when compared with the
baseline case.

When comparing the AE signal amplitude with the baseline and CMSX4 cases, the
material changes just after welding and towards the end of the intermediate cooling
phase. These physical phenomena can be seen with AE sensors (see Figure 12) and are
also correlated against Figure 8, the baseline case of the airborne sensor. With the crack
condition, the frequencies and amplitudes are much higher than for other anomaly cases,
which is especially true when compared with the nominal baseline case and consistent with
literature [22].

Analysing Figures 12 and 14 in detail revealed that the original cracks observed during
the initial part of the 70 s timeline of cooling are at the same intensity as the baseline sample;
however, there is a greater utilisation across the frequency spectrum due to greater levels
of radiated heat.

At the 245 s point, as seen in Figures 12-14, in the CMSX4 signals, the intensity and
frequency range is much higher, indicative of a higher probability of cracking during the
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cooling phase. This is further reinforced with what can be found in Figure 15, wherein the
whole STFT represents very high energies across the whole AE contact sensor bandwidth.

Looking at Figures 12 and 14, the initial cooling phase is similar for all inserts; however,
towards the end of the cooling phase, differences can be seen. When looking at the
amplitude peaks of Figure 12, the high-intensity amplitude peaks seen at the start and end
of the cooling phase are viewed in greater depth through Figures 17 and 18 from a time
series perspective, and through Figures 19 and 20 from a time—frequency perspective.

Figures 17 and 18 are significant of the raw associated AE burst represented by the
individual amplitude peaks, as seen in Figure 12. Figure 18b shows higher peaked energy
when compared with the beginning of its cooling phase displayed by Figure 17a. Figure 17a
is very similar to the other signals taken at the start and end of the cooling phase, seen in
Figures 17c, 18a and 19c. This difference in magnitude is significant to different experienced
noise intensities and hence no normalisation was applied to suppress this. Such increased
noise levels may be indicative of porosity or micro-cracking.

Figures 17b and 19b display a similar image as Figures 17a and 19a; however, the
anomalies towards the end of the recorded cooling phase display a higher level of AE
activity, in terms of energy, amplitudes, threshold counts, rise time event duration, and
increased bandwidth. Looking at Figure 12, the actual welding phase has much higher
amplitudes than the cooling phase, though all the intermittent amplitudes are not recorded.
This is due to the welding process being too high in terms of noise to record, and instead
the recordings of interest start once the physical welding process has ended. Future work
should also be directed towards the effects after welding over longer durations using
increased sensing instrumentation.

5.2.3. 3075i- CMn-ENS8 Insert Weld

The magnitude of heat input per unit length used for the ENS8 insert was 120 J/mm
less than that used for the CMSX4 insert weld due to the extensive chemistry variance.

Figures 12-14 display the PAC AE contact sensor signal emissions, where the position
point at the start of cooling is very similar to both the C—Mn baseline and CMSX4 insert. The
significance here, however, is more apparent at 150 s after welding where the intermediate
cooling rate is depicted towards the end of the sequence. The emissions are similar to the
C-Mn baseline results wherein signal phenomena associated with the weld deposit appear
to be exhibiting a ductile response, expected of a less rapid release of energy.

6. Discussion

Comparative studies were completed using GRAS airborne AE microphones and
PAC AE contact sensors to investigate defects formed either during the weld or during its
cooling cycle, specifically at the critical cooling region notified as being between 800 °C
and 500 °C for high-strength steels.

The welding setup was designed to promote imperfections such as cracks, lack of
fusion, and porosity to assess whether the monitoring process could distinguish between
an acceptable integrity and an anomaly.

From the three inserts used, the CMSX4 and Alloy 718 materials exhibited weld im-
perfections in the form of lack of fusion, cracks, and gas porosity. From both sensors, it
was found that the PAC AE microphones produced the best results, where the defects were
easily identifiable from the normal to abnormal case; these were confirmed by microstruc-
tural analysis.

The GRAS airborne microphones provided sufficient confidence in terms of distin-
guishing discernible features and were used for in situ welding process monitoring. Such
sensors can encroach much closer to the weld zone and are only susceptible to emitted
sound wave change. The distance used was a trade-off between unwanted noise and being
sufficiently near to-pick up signals of interest confirming the presence of several facets that
can be recorded in situ, which can provide key information in terms of the process quality.
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In summary, when Alloy 718 and CMSX4 inserts were fused, the amplitudes were
significantly higher than their C-Mn and C-Mn + ENS8 counterparts, where much higher
amplitudes were displayed, signifying crack anomalies.

Contact AE was found to give more significant results in the identification of defects
within the weld in real time and during its cooling phase.

During the cooling phase, it was found that the contact AE gave much higher ampli-
tudes and frequency utilisation for Alloy 718 and CMSX4 inserts when compared with the
C-Mn baseline. Since the process is completely automated by feeding the sensor data into
a closed-loop control system, the chances of not identifying defects will be fewer, giving
the opportunity for in situ/off-line quality checks for immediate rework or proceeding
according to the completion of the joint.

The research discussed here displays the benefits of using the airborne microphones
in situ. Having this information could give suitable outputs to determine the weld quality
during solidification and through the critical cooling region where transformation products
and higher tensile stresses are encountered. Future work should focus on investigating these
latter points by recording the signals for longer durations to promote a better understanding
and identification of the weld condition.

7. Connecting with the State of the Art

It is always important, where possible, to align current research with previous research
to substantiate outputs and to have more confidence in the obtained results. Nonetheless,
with the amount of data available to date, this can be a very difficult task if not an impossible
task at present. In addition, comparing early research with work carried out in this paper,
the sensor technologies used within our work are much more sensitive to change and have
greater resolution. Therefore, such comparisons can be difficult to achieve where larger
data volumes are produced and will naturally require higher computational power and
storage or advanced processing analytics when addressing large fabrications. Nevertheless,
those patterns and bandwidth frequencies for anomalies do show good correlation as well
as similar trends and should be investigated further.

The research by authors [9], used AE contact sensors which were inferior to the AE
contact sensors used here. The total count of AE signals for the same time of 350 s was
1400 counts, but regarding those recorded for the CMSX4 cracking evaluation, it was
11,000 counts.

It can be concluded from such results that the AE contact sensors used within this
study are far more superior, providing greater resolution and sensitivity. Therefore, it is
now possible to detect finer anomalies and the possible onset of cracks resulting from poor
joining practices and preparation.

In terms of patterns, however, both pieces of work display high amplitudes for the
onset and continuation of crack activity. For crack detection, the authors were not aware at
the time of completing these experiments that researchers had studied such phenomena
using both contact and airborne AE sensors.

From work carried out by [20] Grad et al. (2003), an AE contact sensor was used as
a microphone to monitor and understand the quality of gas-metal arc welds. Here, the
recording of the arc process provided a view into the quality of the welding process. If,
however, an electromagnetic acoustic transducer (EMAT) AE sensor is used instead, then
this is perhaps more appropriate to record airborne signatures, but it should be noted that
it still implies detecting elastic waves, albeit via a non-contact method.

Finally, we use STFTs where we can such as when transforming a continuous waveform
from the time series to time—frequency domain. The reasons for using STFT in favour of
other transform techniques is based on it being less computationally demanding as well as
the amount of the information not being massive, requiring a high-performance computer.
In addition, AE parameters are used to give a rich summary picture of the AE events and
parameters such as rise time, which has not been used in the literature before for this type
of work. Therefore, with a robust picture of the phenomena taking place, there is good
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confidence in verifying the findings within this paper. This is another novel aspect of the
work carried out here.

The STFT analysis of the GRAS airborne acoustic signal makes it difficult to see the
changing amplitude, as all signals recorded for the baseline cases have a frequency coverage
across the whole sensor bandwidth spectrum. In addition, to make easy comparisons,
all the amplitude colour maps were normalised by the same amount. Providing such
normalisation can restrict features from being more salient.

The MISTRAS contact AE sensor produces output parameters that are recorded based
on passing a dB noise threshold, which means that the overall signal is not continuous with
time; however, it gives snap shots of events and each one of those snap shots gives small
continuous waveforms which can have STFTs applied to it. For future work, a two-channel
system would be more beneficial, wherein STFTs could be compared and wherein both
channels would give two fully continuous signals. In addition, phenomena location may
also be required. The work mentioned here looks at a single AE USB system, which is more
appropriate for a test engineer as it is easier to setup in remote locations.

8. Conclusions

The use of materials offering a weldability gradient that vary significantly, welded to
an ASTM A36 steel plate with a fully austenitic welding wire (307Si), promotes a varied set
of events by expanding the solidification profile. Alloy 718 and CMSX-4 have proven to
be ideal candidates in inducing favourable imperfections with such a combination of base
metal and filler metal chemistries. These materials promote the formation of topological
close-packed phases, e.g., the intermetallic and brittle Laves phase that accentuates an
enhances crack sensitivity, which in turn increases the possibility of testing the potential
use of remote NDT methods to determine a weld’s integrity.

Through using nickel-base alloy inserts, it has been possible to create additional
complexities to promote geometrical changes to instigate gross imperfections in the form
of porosity. This combination increased the sensitivity reminiscent of the circular patch
weldability test developed by R.D. Stout and published within the welding research council
in 1987, which was used to determine the weldability of steels. This chemistry combination
heightens micro-segregation due to the rejection of solute elements that coalesce and
promote low-temperature liquid films, which decorate grain boundaries and rupture.
Combining this with the change in metal flow, resulting from differential rheological
properties and thermal expansion values, further induced microscopical stress regions
at the dendritic and grain boundary scale that grew into macro-stressed regions, which
resulted in cracking. This is the result experienced with the ASTM A36 and 307Si + Alloy
718 and ASTM A36 and 3075i + CMSX-4 combinations. Such multipart solutions were
proven to increase the propensity for hot cracking and cavities that release sonic waves at
specific frequencies.

It was concluded that there could be a strong correlation between ultrasound emitted
during MAG welding and corresponding joint integrity in terms of crack response that
could be of significant value to fabricators. Certain frequency ranges and amplitudes are
potentially unique for different material chemistries exposed to welding. The frequency
rise during and immediately after the process denotes the formation of imperfections,
phase transformation, or defects in the weld. AE sensors, both airborne and contact, can
identify such frequencies and amplitudes, which guides automation in terms of acceptable
or non-acceptable weld integrity. AE sensors can be integrated into manufacturing systems
for real-time inspection rather than having to undertake timely, expensive, and destructive
material analysis to qualify the weld structure.

It was noticed that STFT plots of the AE airborne microphone gave much higher
intensities and frequency band utilisation for regions consistent with cracking. The same
was observed for the contact sensors wherein the frequency range was between 250 and
550 kHz with high intensities of 70 dB. Such values were significant indicators of cracking
during the cooling phase, circa 80 s after welding. This shows that, by using high-resolution
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instrumentation and advanced digital signal processing (DSP) techniques, it is possible
to obtain useful in situ and post-machining information to discern cracks, and thus the
general weld quality.

For this work to be accepted into the general fabrication mainstream, further material
analysis with AE sensors is required, which should aim to generalise all welding anomaly
conditions in situ. In addition to this, such anomalies are indicative of certain frequency
ranges and amplitudes. This information could, in the future, be directly fed into filter
banks and real-time monitoring control systems as well as advanced material models and
machine learning architecture. Further work will look into similar work using thermo-
couples or IR camera systems processed with digital image correlation. More work will
be designed around establishing the different associated welding anomalies and all data
will be processed using established and novel machine learning techniques to show the
accuracy and acceptance of automated signature inspection.
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