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Abstract Quality assessment methods and techniques for la-

ser welding have been developed both in- and post-process.

This paper summarizes and presents relevant studies being

classified according to the technology implemented (vision,

camera, acoustic emissions, ultrasonic testing (UT), eddy cur-

rent technique (ECT)) for the quality inspection. Furthermore,

the current review aims to map the existing modeling ap-

proaches used to correlating measured weld characteristics

and defects with the process parameters. Research gaps and

implications of the quality assessment in laser welding are also

described, and a future outlook of the research in the particular

field is provided.
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Abbreviations

AC Alternative current

ANN Artificial neural network

ANOVA Analysis of variance

CCD Coupled charged device

CMOS Complementary metal oxide semiconductor

DC Direct current

ECA Eddy current array

ECT Eddy current technique

EMAT Electromagnetic acoustic transducers

FPS Frames per second

ICI Inline coherent imaging

IR Infrared

LIBS Laser-induced breakdown spectroscopy

LOP Lack of penetration

LSW Laser spot welding

LW Laser welding

NIR Near-infrared range

PI Proportional–integral

SVM Support vector machine

ToF Time of flight measurement

UT Ultrasonic testing

UV Ultraviolet

VIS Visual

1 Introduction

The use of flexible manufacturing processes, especially when

it concerns joining technologies, has to be extended and

established in modern manufacturing [1]. Laser welding

(LW) is a joining method, with significant potential for indus-

trial applications that are not fully exploited yet [2] and, com-

pared with convectional welding methods, presents higher

productivity, flexibility, effectiveness, and numerous more ad-

vantages, such as deeper penetration, lower distortions, and

higher welding speeds [3]. For this reason, the process has met

great response in industry [4]. However, LW is such a com-

plex manufacturing process that the visually recognizable

quality of the weld is affected by a number of process vari-

ables and other factors, such as defects in the material’s mi-

crostructure, contaminations on the work-piece surface, and

alteration on the laser beam’s properties, resulting in a non-

acceptable product (Fig. 1). The potential weld defects affect

the mechanical properties of the welded components, and as a

result, the risks of part fatigue are significantly increased.
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Therefore, it is important for industry to ensure that the

welding seams in a product are of good quality.

Monitoring and quality control is an essential tool in mod-

ern manufacturing systems and necessary in order for produc-

tion results to be kept in deterministic boundaries [6]. The

monitoring of a process, and consequently, the quality assess-

ment, follows three categories:

& Pre-process

& In-process

& Post-process

The pre-process focuses on the weld seam tracking, the

in-process concerns the monitoring of the keyhole’s shape

stability, and the post-process mainly deals with the form

of weld seam after welding (Fig. 2). In the pre- and the

post-process categories, camera-based and ultrasonic so-

lutions are dominant. Optical [visual (VIS), ultraviolet

(UV), and infrared (IR)] and acoustic detectors, x-ray ra-

diography, and camera-based solutions have been gener-

ally integrated for in-process quality inspection. In the

table below, an overview of the principal quality criteria

and technologies, depending on the quality assessment

stage, is presented (Table 1).

The aim of this paper is to summarize the most impor-

tant quality assessment techniques, found in literature, and

identify potential gaps. The paper is separated into two

main sections (In-process and Post-process) according to

the occurrence time of monitoring and the inspection of

laser welding. Besides, further elaboration of the papers

cited herein has led to a categorization, based on the tech-

nology implemented for quality inspection. In the latter

section, the authors present the modeling approaches, de-

veloped for correlation of the defects with process param-

eters and quality metrics. The quality assessment, as it is

described in the literature, concerns the evaluation of the

melt pool dimensions (penetration and bead width) and

the formation of weld defects such as cracking, porosity,

undercut, inclusions, and humping effect. The particular

review study, based on the information extracted from the

literature, suggests a future outlook for the process to-

wards a sustainable, flexible, and modular manufacturing.

Finally, Fig. 3 presents the paper’s structure as it is de-

scribed above and the research fields investigated herein.

2 In-process quality assessment of laser welding

Due to the laser–material interactions that occur during the

laser welding process, energy is emitted in a variety of forms.

Optical and acoustical process signals can be measured from

the emissions of the welding with the use of suitable sensors.

In this regard, significant information about the physical phe-

nomena leading to the detection of welding defects can be

extracted during the process. Table 2 illustrates the commonly

used detectors for capturing the different laser welding sig-

nals, produced from the physical phenomena evolved in the

work-piece. The reflected laser beam is the amount of the laser

source’s radiation, which is not absorbed by the material [8].

Hence, the developed quality assessment methods, found in

literature, are based on acoustical, optical, or thermal sensors,

which are often combined to improve the performance of the

laser welding system.

In the following subsections, the paper presents the quality

assessment methods that have been introduced, according to

the monitoring technology used. Five main categories, (i) im-

age processing techniques, (ii) acoustic emission techniques,

(iii) optical signal techniques, (iv) fused sensing techniques,

and (v) x-ray techniques, are investigated, and the first one is

further separated into (i) thermal, (ii) vision, and (iii) com-

bined camera-oriented techniques. The latter categorization

performed on the basis of information (temperature field or

spatial measurements) is provided from the cameras.

Fig. 1 Possible defects in laser

welding [5]

Fig. 2 Classification of monitoring stages in the time accomplished [5]
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Prior to further investigation into the quality assessment

approaches, a description of the main laser welding defect

formation mechanism is cited below aiming to provide a view

as to the way the process parameters affect the creation of a

defect and what kinds of physical phenomena need to be

monitored for the estimation of critical quality measures.

Formationmechanism of weld defects The formation mech-

anism of defects in the melt pool during the laser welding

operations has widely concerned researchers not only from

the manufacturing sector but also from the material and phys-

ics sciences. Acknowledging the causes that lead to the crea-

tion of abnormalities in the molten zone is an important aspect

when quality is acquired in laser welding. The published stud-

ies have also assisted other authors in examining more effec-

tively the relationship of sensing data with the creation of weld

defects. In this section, a review of the particular studies has

been included, aiming to provide knowledge that will intro-

duce the reader to the following subsections.

Pore formation, during the laser beam welding of die-cast

magnesium alloy, was investigated in [9]. The paper aimed at

identifying both the mechanism of pore formation and a rem-

edy to this problem. According to their conclusions, the coa-

lescence and expansion of small preexisting pores, due to

heating and the reduction in plasma plume pressure, have

contributed to the increment of porosity in the fusion zone.

Additionally, the stability of the keyhole was not a major

factor in the formation of the pore and the amount of porosity

in the fusion zone decreased with a decrease in the heat input.

Finally, well-controlled re-melting of the fusion zone allowed

some of the pores to be eliminated, resulting in reduced po-

rosity. Authors in [10] have also examined the porosity during

the laser welding of aluminum alloys. With the alteration of

the process parameters, the authors concluded that the macro-

porosity in the welds had resulted from the instability of the

Fig. 3 Paper’s structure

Table 1 Quality criteria and

technologies used for inspection Quality assessment stage Principal quality criteria Technology

Pre-process Seam tracking, clamping,

gap, part geometry

Machine vision

In-process Weld defects, melt pool

dimensions, spatters

Plasma monitoring, keyhole and melt pool

camera, spectroscopy, acoustic emissions,

x-ray monitoring [7]

Post-process Weld geometry, visible defects Machine vision, ultrasonic testing, visual

inspection, ECT
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keyhole. The collapse of the keyhole was too quick to allow

the molten metal to flow into the center of the keyhole before

the realization of solidification. Moreover, the instability of

the keyhole and the pore formation could be minimized by

controlling the laser beam defocusing and the welding speed.

With respect to underfill, the authors observed that it was a

recurrent defect at the root of full-penetration welds. More

studies that have experimentally identified the relation of pro-

cess parameters, penetration and porosity formation, have also

been described in [11] and [12], ending up with similar con-

clusions. Finally, it has been cited that pores both on the sur-

face and inside the material have been detected with the use of

photodiodes [13], spectrometers [14], high-speed cameras

[13, 15], and x-ray devices [15]. In some cases, the aforemen-

tioned monitoring techniques with the implementation of sig-

nal and image processing algorithms were capable of identi-

fying pores up to 200 μm [16].

On the other hand, Sheikhi [17] and Lippold [18] investi-

gated into the clear mechanism of the hot cracking phenome-

non. As it was reported in [17], most forms of cracking result-

ed from the shrinkage strains that occurred as the weld metal

was cooling down. There are two opposing forces: the stresses

induced by the shrinkage of the metal, and the surrounding

rigidity of the base material. The shrinkage stresses increase as

the volume of the shrinking metal increases. Furthermore, an

intentionally simple model was established. The model indi-

cated that there is a relation between the solidification rate and

the vulnerable zone length that controls the susceptibility to

solidification cracking. It was demonstrated that a higher so-

lidification rate resulted in a higher-volume change rate and a

decreasing vulnerable zone length led to an increase in the

liquid flow rate. Consequently, for the removal of the solidi-

fication cracks, when the solidification rate is high, more liq-

uid flow rate or small vulnerable zone length is required. On

the same pattern, but focusing on the material’s microstruc-

ture, the authors in [19] among the others came up with the

conclusion that the solidification cracking was found to be

primarily a function of composition, while a solidification

model that related to the transition in primary solidification,

from ferrite to austenite to dendrite tip under-cooling, at high

solidification growth rates, was discussed. Furthermore,

according to [20], pulsed lasers have an influence on hot

cracking over the parametric range examined.

Despite the aforementioned important defects, another ef-

fect is usually observed during laser welding. When the weld

metal forms humps, above the surface level of the work-piece,

the humping effect occurs. It can be noticed at high speeds,

while the weld pool shape plays a significant role in the for-

mation of humping. As it was explained in [21], the governing

quantity of the humping phenomenon is the width-to-length

ratio of the weld pool. It has to remain below the critical value

for the occurrence of humping while the increase in the ratio

can prevent humping. Moreover, the surface tension of the

liquid metal has an effect only on its kinetic behavior and

not on the onset of humping. In addition, since the length of

the weld pool slightly decreases with an increase in the travel

speed, the spacing between the humps, once established,

should not be sensitive to the travel speed. However, authors

in [22] have identified and studied another kind of droplet

formation phenomenon during laser welding. According to

the authors’ opinion, the formation mechanism behind the

top surface humping is considered being widely understood,

but the humping phenomenon, at the weld root, has not been

thoroughly investigated. Therefore, experiments have been

performed in this study for the examination of the particular

defect. The formation of droplets, towards the rear of this weld

pool, was found to be primarily caused by the pumping of

melt from the bottom of the keyhole and the influence of the

gravity drawing melt on a sagging hump.

From the above, it can be concluded that the formation of

some types of defects (e.g., pores, lack of penetration, cracks,

humping) in a weld is strongly related to the stability and the

solidification rate of the keyhole. The premature collapse of

the molten pool, mainly due to high speed, can lead to porosity

and humps. Moreover, the rate of the way the length-to-width

ratio is reduced, the shrinkage, and the local stresses devel-

oped in the surface allow the formation of cracks [23].

Modeling can provide a kind of relation between the process

parameters and the existence or the susceptibility of a defect to

occur. Therefore, the modeling of the process is critical when

quality assessment is acquired in today’s competitive industri-

al environment.

2.1 Image processing techniques

2.1.1 Thermal

This section contains studies, based on results and conclusions

obtained from the thermal field, which is monitored during

laser welding. IR thermal cameras are one of the sensing tech-

nologies utilized in laser welding applications to capture the

temperature distribution to the welded component. Thermal

cameras are passive sensors that imprint the infrared radiation,

Table 2 Type of detectors used for laser welding phenomena

Phenomenon Commonly used types

of detectors

Emission from vapor or

plasma plume

Photodiode (UV, VIS), camera

Emission from melt pool Photodiode (VIS, IR), camera

Acoustic emission AE detectors

Electrical charge or plasma plume Charge collecting device

Back scattered laser radiation IR sensitive photodiode
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emitted by all objects with a temperature above absolute zero

[24]. Today, the thermal imaging monitoring systems, as it is

mentioned in [25], are more and more implemented into in-

dustry, due to the fact that they offer many advantages over

other techniques used for detection of the weld pool tempera-

ture. However, literature investigation, as far as the application

of thermal cameras in laser welding is concerned, has indicat-

ed a limited number of relevant papers. Speka [26] used an IR

thermal camera, aiming to extract the temperature field during

the laser welding of polymers. Numerical simulations were

also performed in order to be compared with the correspond-

ing distributions of the temperatures, obtained by IR thermog-

raphy. By corroborating these types of data, “the reference”

temperature profile, which can be continuously compared

with the online measured IR profile, has been obtained.

Thus, according to the authors, an assessment procedure of

optimal process parameters and consequently of qualitative

welds is possible. Infrared imaging was also used in [27] for

the identification of the weld pool width. On the other hand,

the authors in [28] have described an online process monitor-

ing system for quality assurance, aiming to maintain the re-

quired penetration depth, which in conduction welding is

more sensitive to changes in heat sinking. The implementation

of an empirical rule suggests that the maximum penetration in

conduction welding is obtained when the surface temperature

is just below the boiling point. Therefore, the aim of the con-

trol system was that the temperature maintains at this level. To

achieve this, a complementary metal oxide semiconductor

standard color camera, providing real-time temperature mea-

surement of the welding area, has been used. In addition,

Bradin [29] presented a closed-loop control system, which

ensured full penetration in welding by controlling the focus

position and laser power. The degree of penetration was ana-

lyzed by the keyhole image intensity profile, in the same way

as it was presented in the previous paper. Finally, the authors

examined the performance and the limits of the systemwhen it

was applied to a realistic complex aerospace component.

The lack of research studies, as it is observed from the

above, can be explained by the fact that IR camera modules

usually, due to their dependence onmaterial emissivity, cannot

adequately inspect the weld’s characteristics and defects that

demand additional elaboration of the data in order to match

the temperature profile with quality measures. Furthermore,

several other disadvantages, such as high cost, low resolution,

and low sampling speed, have restricted its wide application to

industrial manufacturing [30]. However, the study in [31] has

presented a logarithmic complementary metal oxide semicon-

ductor (CMOS) imager for emissivity-compensated thermog-

raphy, which had thermally stable and optimized inorganic

multi-layer integrated filters and a pixel cell, containing a sub-

threshold load transistor with an optimized device layout. This

device provided a rate of 40 fps, a measuring temperature

range of 600 to 3000° C, and a temperature resolution of

∼
5° C. In addition, the authors in [32] developed a new sensor,

which combined the ratio pyrometry with 2D-resolved mea-

surement and was compared with the existing temperature

sensors in the context of laser processing. The advantages of

independence of emissivity and the attenuation of the thermal

radiation, together with 2D temperature information, have

been demonstrated on laser cladding. As outcome, the authors

mentioned that the temperature distribution to the parts’ sur-

faces becomes available quantitatively and with high preci-

sion. Besides the relevant approaches to overcoming the prob-

lem of the material’s emissivity, normally, the IR modules are

combined with vision cameras and/or other optical sensors,

targeting at acquiring more information about the melt pool’s

condition.

2.1.2 Vision

Nowadays, the use of vision systems as the monitoring tech-

nology of the molten pool is suggested to be one of the most

intuitive methods.

Approaches observing melt pool and keyhole characteris-

tics In the technology of laser welding monitoring, using a

camera is also being actively developed and there are ongoing

efforts to monitor and control the welding processes [33]. In

this regard, Huang and Kovacevic [34] have proposed a laser-

based vision system for weld quality inspection. The vision

sensor was designed based on the principle of laser triangula-

tion and provided information, regarding the geometrical fea-

tures of the weld. Through the visual analysis of the weld’s

acquired 3D profiles, the positions and sizes of the weld de-

fects were accurately identified. Another quality assessment

approach was presented in [35]. The authors used a calibrated

coupled charged device (CCD) sensor and structured light to

extract the surface information, as depth of pool, from the

captured images. The image was then processed based on

the ray-tracing technique for the calculation of the depth of

the weld pool surface by using the position of the laser and its

fan angle, along with the intrinsic parameters and extrinsic

parameters of the CCD sensor. Finally, it was proven through

experiments that the method could automatically measure and

monitor the weld pool surface within an acceptable error

range. Zhang and Cao [36] also developed a vision system

with an auxiliary laser light source in order to acquire the

images of molten pool for quality assessment. The novelty

of the paper and the difference from the previous studies are

noticed in the fact that the authors have analyzed the charac-

teristics of the casting shadow of molten pool instead of hav-

ing analyzed the characteristics of the molten pool itself. The

area, the maximal distance among the shadow and keyhole,

the maximal width, and the tilt of the shadow were selected as

the characteristics for evaluation. The results indicated that the
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welding quality could be online, detected through the obser-

vation of these characteristics.

One step further, the authors in [37] proposed a camera-

based closed-loop control system by using the image process-

ing algorithm for the identification of a full-penetration hole

and concluded that the particular approach was adaptable to

partial penetration welding processes. The control system was

able to reach and maintain the regime of partial penetration,

even under changing welding conditions, while the variation

of the cross section (standard deviation over mean value) in all

experiments was lower than 10%. In a different approach, the

paper in [33] describes a coaxial monitoring system, which

integrated an image camera, illumination, and filters. The par-

ticular system was applied to a remote laser welding applica-

tion (Fig. 4). The areas of the keyhole and the full-penetration

hole were calculated by image processing, and their behaviors

were investigated under various welding conditions. The key-

hole was monitored by using various band-pass filters and a

coaxial illumination laser. Adequate filters were suggested for

steel and Al alloy welding. The outcome of this study proved

the fact that it is possible to monitor and control welding

quality measures, such as penetration through the implemen-

tation of a coaxial camera system, even for remote laser

welding via scanner. Finally, an interesting approach is pre-

sented by Tenner in [38, 39] where two high-speed cameras

are used in order to measure the velocity and the fluid flow

inside the keyhole. As a result, the authors were in a position

to show the effect of the fluid dynamics inside the keyhole to

the laser power, the feed rate, and the gap between two zinc-

coated steel sheets.

Approaches observing plume and spatters Another inter-

esting approach was investigated in [40]. Authors claimed and

finally proved that the plume and spatter have a close relation-

ship with the welding stability. A high-speed camera was used

in order to capture the instantaneous images of plume and

spatters during laser welding. Characteristic parameters, such

as the area and number of spatters, the average grayscale of a

spatter image, the entropy of a spatter grayscale image, the

coordinate ratio of the plume centroid and the welding point,

and the polar coordinates of the plume centroid, have been

defined and extracted. After the dimensionality reduction that

was followed, the K-nearest neighbor method was also used

for the classification of the plume and spatter images into two

categories, namely, those of good and poor welding quality.

Another work focused on the experimental investigation of

the plasma plume with the use of two high-speed cameras

[41]. They aimed through different image processing steps

to correlate plasma plume with keyhole evolution. The ex-

tracted relationwas used to explain the effect of changing laser

power and feed rate on the keyhole geometry. In addition,

authors in [42] have compared the spatters produced during

laser welding by a bifocal optic setup with those produced

from a conventional one and concluded that the bifocal optic

has an influence on the keyhole dynamics, observed from the

spatter size and number. Experiments were performedwith the

use of a high-speed vision camera and indicated that the bifo-

cal optic produced a smaller quantity of spatters, in a bigger

size, due to the high-intensity areas in the lower keyhole sec-

tions. The occurrence of big spatters was a disadvantage as

they solidified and remained on the material’s surface. In the

observed parameter field, the bifocal welding had no positive

effect on the spatter characteristics, when the same processing

parameters as those in the standard process were used.

Generally, it can be observed that the combination of visual

sensing technology and the image processing have been wide-

ly investigated by providing new research opportunities and

concrete solutions in the process’ laser welding detection and

quality assessment. However, there is a lack of temperature

feedback which excludes valuable information for the physi-

cal phenomena that occur during laser welding. Furthermore,

the accuracy of the keyhole geometrical parameters captured

by a visual sensor is highly dependent on the implemented

image processing technique [36]. Thus, the capabilities of

such systems for adequate quality inspection are limited. In

this regard, combined vision and thermal sensing can offer a

flexible monitoring system and lead to the identification and

evaluation of more magnitudes that concern the weld’s

quality.

2.1.3 Combined vision and thermal image processing

techniques

As it is observed from the previous section, visual sensing can

significantly contribute to the quality assessment procedure of

laser welding, through the provision of higher spatial mea-

surement and the accurate location and identification of weld

defects. However, vision cameras (CCD and CMOS) are not

Fig. 4 Definition of the keyhole parameters [33]
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suitable for detecting mid- and long-wave infrared radiation,

and for this reason, specific infrared cameras are required [43].

This argument is also mentioned by Voelkel and Mazumder

[44], who suggested that the passive illumination was entirely

insufficient for capturing details of the melt pool by providing

very dark figures of the melt pool. The diffuse light alone

revealed more details on the area of the melt pool, but the best

results were received from the combination of the focused and

diffused laser light. In this regard, combining different thermal

and vision methods for the inspection of quality in laser

welding applications would incorporate the advantages of

each method and would enable the engineers to monitor dif-

ferent weld defects and magnitudes.

A novel mechatronic approach of using infrared thermog-

raphy, combined with image processing for the quality control

of a laser sealing process for food containers, has been intro-

duced in [45]. The infrared camera was found to be capable of

detecting the localized heat pattern, any contamination be-

tween the film and the container, and the materials’ cooling

behavior after welding. On the other hand, the visual system

provided a quality assurance system for the integrity of the

sealed products. Finally, as future work, the authors have sug-

gested the development of an experimental apparatus into an

industrial system for the sealing of plastic containers (Fig. 5).

In contrast with the above study, the one described in [46]

focused on the control of temporal strain development and

solidification cracking in laser welding of aluminum alloys.

High-speed observation of visible and infrared radiation was

performed to measure the molten pool geometry, velocity of

the solid–liquid interface, and temperature profile, during laser

spot welding. The solidification rate along with the interface

velocities, during the cooling procedure of the welding, was

examined in order for a crack-free and full-penetration bead-

on-plate seam welding to be achieved with overlapping spot

welds. In addition, the development of an on-axis camera-

based online sensor system, for laser welding diagnostics,

has been investigated in [47]. The researchers added a camera

that monitored the welding zone in the near infrared range

(NIR) spectral range between 1200 and 1700 nm. With this

add-on detector, additional information beyond the VIS range

could be obtained. Features from the images were extracted

and evaluated to characterize the welding process. Among the

others, it was concluded that the full-penetration hole was

clearly observable and the weld pool dimensions were suc-

cessfully correlated with those of the penetration. The quality

assessment of laser welding with the use of camera-based

monitoring systems, both in NIR and VIS spectral range, is

also the subject of the paper in [48]. The classification of the

welds was performed on the basis of various welding faults.

For instance, the weld pool geometry was correlated to full

penetration, holes and spatters could be identified without

additional illumination, and the thermal trace of the weld seam

could detect missing fusion.

Combined camera-based solutions (vision and thermal) de-

pict a costly monitoring technology, and therefore, their use in

laser welding has not been widely adopted. The findings from

Fig. 5 a Schematic diagram of

the sealing monitoring system. b

Left: good weld (after 5 s), right:

bad weld (after 5 s) [45]
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the literature review have indicated a lack in published papers,

but strengthened the opinion that several combined camera-

based and other sensor-based (photodiodes, spectrometers,

pyrometers) technologies have been developed targeting at

monitoring more and different quality measures, during laser

welding. The latter is proven by the extensive review present-

ed in another section of this paper.

2.2 Acoustic emission techniques

Acoustic emissions contain considerable information on the

laser welding process and can indicate certain aspects of the

weld quality. It has also been claimed that acoustic sensing

techniques could be applied to processes that involve melting,

vaporization, plasma generation, and keyhole formation [43].

Moreover, acoustic emissions can provide useful data regard-

ing the rapid phase change in the material as well as the for-

mation and propagation of cracks [49]. However, only few

studies that evaluate the quality have been published.

Despite the flexibility that the non-contacting acoustical sen-

sors provide in applications, where the use of contacting sen-

sors is not feasible, the existence of noise from the surround-

ings and the slower transmission of the signal inside the ma-

terial make the sound detectors not useful in adaptive control

and in-process quality assessment approaches. Therefore, the

studies found in literature focus on the improvement of iden-

tification accuracy and the development of intelligent algo-

rithms for the correlation of signals with weld geometry and

defects. The last argument has also been demonstrated by the

authors in [36].

By implementing wavelet analysis, the authors in [49] no-

ticed a significant difference between the acoustic emission

(AE) signal from the desired deep-penetration weld and that

acquired when there were problems with misalignment and

excessive gap. The intensity of low frequencies (<781 Hz)

was reduced when welding defects occurred. Based on the

detailed information, obtained from AE signals, a signal in-

tensity moving average curve was defined. The curve was

used in order to identify defects and recognize transitions of

the welding stages. Li in [50] has compared two types of

ultrasonic acoustic emissions in order to extract the relation

between the acoustic signals and the thermal phenomena such

as melting, vaporization, and plasma generation, taking place

during laser processing. The author has concluded that the

“acoustic mirror” signal is mainly generated by the melt

pool-modulated laser beam backreflection (between 100 and

600 kHz) rather than by the laser cavity modulation (5–

25 MHz). The signal was strongest on the beam guide mirror

being closest to the work-piece. When a keyhole was gener-

ated, the acoustic mirror signal became weaker, while the

“acoustic nozzle” signal became stronger. At the end, the au-

thor noted that the acoustic sensing techniques, as described in

the paper, could be applied to in-process monitoring and

control systems for laser processes, evaluating the quality of

the inspected welds. One step further, the authors in [51] se-

lected acoustic emissions for the feedback signal of an in-

process monitoring scheme for a pulsed Nd:YAG laser spot

welding (LSW). Acoustic emission data were sampled and

analyzed for varying process conditions, such as laser power

and pulse duration. Afterwards, through an empirical model, it

was shown that acoustic emission signals had clear correla-

tions with process parameters and represented welding pro-

cess characteristics, including welding types and possible

crack initiation mechanisms during LSW. Finally, an artificial

neural network was used to predict the weldability of stainless

steel online. Another study that related weld quality with

acoustic emissions was described in [52]. The authors antici-

pated that the weld quality data obtained from wavelet analy-

sis could be fed on an online industrial application in order to

control critical weld parameters or alert the operator of a prob-

lem. Internal weld defects and deviations from the desired

surface profile could then be corrected before the production

of defective parts.

2.3 Optical signal techniques

Based on the number of written articles, optical sensing tech-

niques are used most frequently for the monitoring of laser

processing. The optical sensors are classified into the literature

differently, depending on the writer [36]. A usual classifica-

tion that is made by several authors is a division into spatially

resolved (vision system, e.g., CCD and CMOS cameras), spa-

tially integrated (photodiodes), or spectrally resolved

(spectrometers) techniques [53]. In this section, quality assess-

ment methods, based on the particular optical sensors, have

been included. However, according to the classification pre-

sented in this study, the vision systems have been introduced

and developed above, as a part of the image processing tech-

niques. Pyrometers are also incorporated into this section de-

spite the fact that in several papers they are grouped into the

thermal methods category [54]. Finally, reference should be

made about the research outcome on the in situ interferometric

based keyhole depth and the topography monitoring and con-

trol of laser machining and specially in laser welding. Authors

in [55] combined the inline coherent imaging (ICI) system

with a beam directing system at the camera port of a commer-

cial, fixed-optic laser head and were able to dynamically steer

the ICI system’s beam across the sample surface, at millisec-

ond timescales. By sampling data from multiple points in and

around the phase change region, they were able to implement

autofocus and continuously correct any motion error and dis-

tortion in the measured keyhole depth. In addition, transverse

measurement sweeps of the leading region, in common joint

configurations, enabled seam tracking for the closed-loop cor-

rection of imperfect part geometry. The combined realization

of these capabilities makes the ICI system a more robust and
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versatile weld process control and quality control solution. On

the other hand, the authors in [56] combined a laser-induced

breakdown spectroscopy (LIBS) optical setup with the inter-

ferometer by providing in situ accurate depth measurements

and detailed crater profile mapping. The elemental informa-

tion extracted from the spectroscopy spectrum could be direct-

ly correlated with the depth and topography measurement,

having resulted in the accurate mapping of the elemental pro-

file, along the normal to the sample surface. Details on the

optical setup, along with several examples on the elemental

depth profile analysis, were presented, and issues regarding

the speed of depth monitoring and the limitations of the setup

were also discussed.

Photodiode Photodiode sensors are widely used in industry

because of their simple structure and low cost. The optical

radiation signals that can be detected by photodiodes, during

laser welding, can be within UV (200–400 nm), VIS (400–

700 nm), NIR (700–1100 nm), and IR (1100–1700 nm) range.

The corresponding signals are analyzed in order to provide

information about the welding status and the detection of de-

fects. According to the literature research conducted, it was

concluded that photodiodes are normally used to detect vapor

plume or plasma, reflecting laser energy and thermal radiation.

In this regard, the measurement of the plasma and spatter,

during laser welding with UV and IR photodiodes, has con-

cerned authors in [57]. Five welding factors (optimal heat

input, slightly slow heat input, low heat input, partial joining,

due to gap mismatch, and nozzle deviation) that influence

weld quality were examined, and a correlation between the

input signal and these factors was performed through experi-

ments. A system was also developed to perform real-time

evaluations of the weld quality with the use of fuzzy pattern

recognition with the measured signals. The UVand IR signals

received from photodiodes were also used for weld quality

assessment in [58, 59]. The novelty in [58] is the implemen-

tation of such a sensing technology and quality inspection in

underwater laser welding. The authors claimed that the

shielding condition of the local dry cavity was a significant

factor for adequate penetration. On the other side, in [59], the

experimental work has provided a better understanding and

accurate evaluation of the laser welding through the quantifi-

cation and analysis of the feature, extracted from different

optic sensors (UV, IR, VIS). Indicatively, the variation tenden-

cy of the visible light emission and the metallic plasma size on

the top is consistent, while the laser reflection intensity is

sensitive not only to the laser power but also to the keyhole

size. Moreover, due to the pressure released from the bottom

of the keyhole, the visible light emission and the laser reflec-

tion were reduced when full penetration appeared during the

welding process. However, the authors in [16] presented a

method, which is mainly based on the visible spectrum range.

This radiation is transformed into electrical signals, whose

properties are studied both in time and frequency domains.

The characterization of those properties allows the seams to

be classified according to their quality. Results have shown

that 97.1% of the defects were detected. According to the

authors, although these results were satisfactory from a tech-

nical point of view, they did not achieve the objective of hav-

ing all the defects detected. Furthermore, the study performed

in [60] used also the photodiode reading in a visible and in-

frared range succeeding to identify not only lack of penetra-

tion but also craters, spatters, blowholes, underfill, lack of

fusion, or pores. From the findings, a more general theoretical

description of the links, between the welding process, the

defect mechanism, and the generated signal, was also de-

scribed. On the other hand, the studies in [61] and [62] de-

scribed a monitoring system developed only on the basis of

infrared signals. The primary infrared signal collected by the

weld monitor was linearly related to the penetration depth in

partial penetration welds. Full penetration was signified by a

considerable drop in the direct current (DC) level of the signal,

as well as an increase in the AC component. The weldmonitor

technique, according to the authors, was very sensitive to pen-

etration depth, especially the detection of full penetration.

However, part misalignment and oil contamination lead to

significant variations in the weld monitor output. Finally, the

authors in [63] described the development of a monitoring

system that used photodetectors to measure the radiation sig-

nals from the melt pool. By changing the focus of the laser

beam, along the z-direction, the penetration depth of the

welding material was measured. The latter showed that the

penetration depth was dependent on the frequency fluctua-

tions of the plume signals, which can be used in welding

quality control.

Spectrometer Spectral analysis has been widely used in laser

welding for the detection of the plasma plume. The monitor-

ing of the plasma indicates the formation of undercut in the

welds. The usual setup of this sensing inspection technique is

illustrated in Fig. 6, and as it can be extracted from the sche-

matic, the optical emission is collected by a collimator and

transferred by an optical fiber to the spectrometer, where the

signal is analyzed [64]. The research conducted in literature

has led to the conclusion that recently the use of the particular

sensor has met a wide acceptance in industrial applications

[65, 66], mainly due to its low cost and compact size. The

approach of the monitoring technique, adopted in [64], was

based on the correlation analysis of plasma plume optical

spectra, generated during the process and recorded through a

spectrometer. Experiments were conducted in order to identify

the relationship between optical signals and weld quality. The

quality of the welds was finally evaluated through an online

detection of common defects, such as lack of penetration with

an excellent spatial resolution. Rizzi and his colleagues [67]

developed a regression model, which allowed the study of the
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laser beam’s influence on response parameters, namely, plas-

ma plume temperature, penetration depth, and melted area. As

it is noted from the authors, their study is a starting point for

the development of a closed-loop control system. A spectrom-

eter was also used in [68] for the collection of the optical

emission of the welding area. The sensor data were used to

calculate the electron temperature and subsequently to deter-

mine the weld quality of overlap welds. The particular in-

process monitoring method was implemented into a propor-

tional–integral (PI) controller, which adjusted the laser power,

aiming at a constant penetration depth. The correlation be-

tween electron plasma temperature and weld penetration was

investigated by the researchers in [69]. The frequent imple-

mentation of spectroscopes is also proven in [70]. In that pa-

per, a novel spectroscopic closed-loop control system, capable

of stabilizing the penetration depth, during laser welding pro-

cesses by using the laser power as the control variable was

described. The plasma electron temperature was monitored,

and through a quantitative relationship between the penetra-

tion depth and the plasma temperature, extracted experimen-

tally, the system reduced the rejected components due to in-

complete or excessive weld penetrations. The phenomena re-

lated to the optical emission of the laser-induced plume have

also been widely investigated, and various innovative spectro-

scopic systems such as the one presented have been developed

in [71].

Finally, Mrna [65] presented a different approach to the

optimization and feedback control of the laser welding pro-

cess, based on spectroscopy. A frequency analysis of the light,

emitted during the process and the adaptive shaping of the

laser beam, was achieved by an optical element. Correlation

among the focal properties of the laser beam, the weld depth,

and the frequency characteristics were experimentally extract-

ed. The functionality of the method is demonstrated for a

variety of welding parameter settings that are frequently used

in industrial practice.

Pyrometer Pyrometers are another category of the sensing

technology, adopted in laser welding for quality assessment.

The thermal radiation intensity reflects changes in temperature

and can be detected with the use of a pyrometer sensor [36].

The existence of defects or the penetration and width values

can be obtained from the variations of the temperature field.

Smurov [72] with his study strengthened the above arguments

and claimed that pyrometers can be used for real-time temper-

ature monitoring and online quality control. Moreover, the

authors mentioned that the pyrometers are preferred due to

their low cost, the simplicity in utilization, the high efficiency

in sampling, and the special software, developed for this pur-

pose. Furthermore, the studies presented in [73, 74] and [75]

developed a monitoring system, based on pyrometers, and

attempted to optimize a laser welding process. The true tem-

perature, heating/cooling rates, and solidification duration

were determined, and the acceptable variation in brightness

temperature was found. Then, the authors proceeded with the

correlation between sensing feedback and weld defects.

Finally, it was concluded that the performance of the sensors

was adequate for the control of the process.

2.4 Fused sensing techniques

Besides the combined image processing techniques, several

authors have focused on multi-sensor approaches for the ex-

clusion of drawbacks of single-sensor solutions and the iden-

tification of more kinds of weld defects. In extension to this,

they strongly believe that the multi-sensor approach can be the

answer to accurate and effective quality assessment. In several

attempts, infrared and ultraviolet sensing was combined with

acoustic detectors. The use of photodiode sensors is consid-

ered being more accurate for penetration and keyhole defects.

Controversially, acoustic detectors are rather sensitive to cap-

turing changes in plume. Indicatively, as it is described in [76],

a multi-sensor monitoring system was integrated into a laser

Fig. 6 Monitoring system with

spectrometer [64]

1834 Int J Adv Manuf Technol (2018) 94:1825–1847



welding machine. The classification of the welds into two

states (adequate penetration or inadequate penetration) was

conducted on the basis of features, extracted from infrared

visual and acoustic sensors. Further experiments indicated that

the system was feasible for monitoring laser welding process-

es in real time and the evaluation of the weld’s quality could be

performed from the input, received by the particular multi-

sensor inspection approach. The detection and analysis of op-

tical, acoustic, and plasma charge emissions of quality moni-

toring was the subject of the research performed in [77]. It was

observed that the transition from full to partial penetration

could be detected from the optical sensor. The airborne acous-

tic signal was found to be loudest at moderate full-penetration

conditions and was observed to be decreasing when weld

penetration was transitioned from full to partial. The studies

in [78, 79] also deal with the detection of quality measures

(penetration) in laser welding, based on the multi-sensor in-

spection approach (photodiode–microphone [78] and spec-

trometer–microphone [79]). However, two main limitations

were identified by the authors of the above papers. The first

one concerned the conclusion that an accurate distinction of

different weld defects was not achieved due to the fact that the

weld defects showed similar signal features. Their second re-

mark pointed out the weakness of the inspection approaches

for the identification of defects with little feature variation.

The particular signals were covered with noise of greater os-

cillation amplitude.

Another multi-sensor configuration that is often met in lit-

erature has to do with the integration of visual sensing and

photodiode sensing. The advantages of high sampling speed

and great information capacity provide valuable feature infor-

mation during the welding status detection. You et al. pub-

lished two interesting studies in which a multi-sensing system

of laser welding was presented [59, 80]. Two optical signals,

visible light and laser reflection, were collected by photodiode

sensors. With the aid of image processing, three geometrical

features, including keyhole size, metallic vapor at the top, and

metallic vapor at the bottom, were obtained by the visual

sensor. Furthermore, according to the authors, a systematic

analysis could be conducted on welding stability through the

comparison of the feature signals obtained. It was also men-

tioned that even for online adaptive control, the multi-sensing

system reveals more detailed information about the recogni-

tion of the welding process. Figure 7 depicts the experimental

setup of a multi-optical sensing system.

In addition, Norman and his research team also pre-

sented a fused sensing approach and measured, in an op-

tically filtered spectral window, the thermal emissions

from the melt and vapor as well as the laser beam reflec-

tions [81, 82]. The concept proposed in these papers con-

cerned the context among the photodiode signal, the

welding defects, and the melt pool, keyhole, and temper-

ature dynamics. Simultaneous laser-illuminated high-

speed imaging was compared with photodiode monitoring

at three spectral windows for the identification, through

simultaneous timing, of any linking dynamics in a quali-

tative manner. Emission modeling and thermal imaging

were considered to be supportive methods. Several cases

Fig. 7 Experimental setup of a

multi-sensor monitoring system

[59]
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of joints, materials, and defects were also studied for the

creation of a theoretical description of the defect–signal

correlation.

A complete quality assessment system for laser welding

has been developed by Volkswagen and the FhG Institute

for Machine Tools and Forming Technology. The particular

multi-sensor system, according to [83], can be used for the

online detection of various weld defects. Figure 8 depicts the

sensing signals and the image received, at the same time

conducting quality evaluation of the weld. Additionally, an

in situ quality control system which integrates a high-speed

NIR thermal CMOS camera and a photodiode coaxial with the

laser beam is described in [84]. The particular approach was

developed for the selective laser melting process linking the

melt pool variations with pores that are present, predicting the

quality of the parts. However, the particular quality control

system could be also used in laser welding especially when

porosity appears during the collapse of melt pool and affects

the quality of the welds [85]. Finally, Table 3 below classifies

the papers cited in this section according to the monitoring

technology implemented and the detected process phenomena

and defects.

2.5 X-ray techniques

The inline x-ray imaging, during the laser welding itself, is a

well-established method for the examination of the keyhole

behavior with side view through the material. As it is men-

tioned in [85], lately, the image capturing has become faster

and the maximum possible sample width has been increased.

In this regard, Vänskä et al. [85] described an in-situ x-ray

videography inspection technique, which enabled the recov-

ery of time- and space-resolved information about the keyhole

geometry, during the laser welding process. Two different

joint types were used, and the experiments performed showed

the effects of a welding speed and a focal point position

change in the keyhole’s geometry values. Alternatively, in

[38], the effects of the laser power, power density, and welding

speed on the formation of welds were investigated and their

welding phenomena were explained via high-speed cameras

and the x-ray transmission real-time imaging system. The ex-

perimentation performed has revealed that the laser power

density exerted a remarkable effect on increasing the weld

penetration, indicating that in a wide range of the welding

speed, between 4.5 and 10 m/min, no porosity under filling

or humping was observed. Furthermore, the study in [86] fully

exploits the potential of x-ray imaging techniques being used

online as well. A real-time automatic inspection algorithm for

weld defects in x-ray images was developed, with the use of

optimized image smoothing and image information fusion,

based on heuristic search techniques. As a result, the algo-

rithm could detect different kinds of welding defects, such as

slag inclusion, blow hole, incomplete penetration, lack of fu-

sion, and undercut. Experiments have indicated that the sys-

tem was efficient and reliable and could be used for industrial

purposes. Katayama and his research team have focused on

the x-ray radiography with emphasis on the analysis of pore

formation and melt flow [87]. In addition, the same authors in

xx described the real-time observation of keyhole and plume

behaviors in the pulsed- and continuous-wave laser welding

by high-speed optical and x-ray transmission methods, the

cavity formation process, and its suppression measures.

Finally, Naito et al. [88] showed the YAG laser welding of

stainless steel, type 304 with x-ray visualized keyhole, during

the process. The focus area of their study was to track the melt

flow during the YAG laser and TIG-YAG hybrid welding. The

Fig. 8 Correlation of sensing

signals with welding status [83]
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melt flow was visible, but the keyhole geometry was not fully

visible.

3 Modeling approaches to laser welding for quality

measure estimation

In this section, the paper focuses on several modeling ap-

proaches developed so far, aiming to correlate the process

parameters with the weld quality measures, such as the melt

pool geometry and the afore described weld defects (porosity,

cracking, and humping). The particular section is structured

on the basis of two main modeling categories. Analytical and

empirical types of modeling are thoroughly investigated into

and described below. The numerically solved analytical

models are included in the corresponding subsection.

3.1 Analytical modeling

Penetration depth is one of the main weld characteristics

concerning the researchers in modeling laser welding, and

several papers have been published with reference to its rela-

tion with the thermal field. Chryssolouris and Yablon [89]

presented a method that estimated the depth in laser machin-

ing processes, based on temperature measurements. An ana-

lytical model, relating the temperature to the groove depth,

was used for predicting the depth, given a temperature mea-

surement and its location. The model, derived by solving the

2D steady heat conduction equation, modified to take into

account the effects of the relative motion between the beam

and the work-piece. One step further, Lankalapalli [90] pro-

posed, as in [89], an analytical model which estimated the

penetration depth, based on a 2D heat conduction model.

Moreover, a conical keyhole assumption was considered and

the relation between the penetration depth, the incident power,

which was assumed to be equal with the absorbed power, and

the Peclet number was developed. As it is mentioned by the

authors, the Peclet number is a function of the welding speed,

the keyhole radius, and the thermal diffusivity. The model was

validated by a number of experiments, and its consistency

with the theoretical values dictated that the model could be

used as a basis for online depth estimation schemes and coax-

ially orientated camera configurations. On the other hand,

Dowden and Kapadia [91] developed and proposed a mathe-

matical model, whose beam had a uniform intensity. An anal-

ysis in terms of geometrical optics and a parallel beam verified

the empirical observation that the radius at the bottom of the

keyhole, in a work-piece of maximum thickness for the oc-

currence of complete penetration, is one third of the radius at

the top. Geometrical optics applied to the same criterion, in a

conical keyhole, gave new estimations for the thickest work-

piece in which complete penetration could occur. Finally, the

conclusions provided by the theory were compared withT
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experimental results and were found to be in good agreement.

Instead, research performed in [92] described the development

of a model for the prediction of the penetration depth which

was introduced as the ratio of the total absorbed power to the

average line source power. The average power was calculated

from the power at the bottom and the power at the surface. In

addition, the model predicted the top and bottom weld width

and the results indicated a close agreement with the experi-

ments performed. The model also enables the analysis of the

weld profile’s dependence on the process parameters. Volpp

and Vollersten [93] claimed that in order for process defects to

be avoided, the physical effects in the keyhole have to be

better understood. In this regard, they described the keyhole

properties for welding aluminum, at different welding param-

eters, with the help of a semi-analytical model, based on en-

ergy and pressure equations and differential equations. The

resulting dynamic characteristics of the different keyholes

were evaluated with the frequency analysis of optical obser-

vations during the welding process. Finally, the dynamic be-

havior was influenced by the spatial laser intensity distribu-

tion, while higher frequencies, at lower amplitudes, were

found at a top hat distribution compared to a Gaussian inten-

sity profile. In a more advanced approach, the author in [94]

provided a 3D solution of the heat flow in laser beam welding

with a constant moving Gaussian heat source. The model was

extended to determine the penetration depth, bead width, and

cooling rate, which were important for the prediction of met-

allurgical structures and consequently the weld’s quality. The

normalized temperature rise and cooling rate, produced by a

moving Gaussian beam, were dependent on the ratio of the

scanning velocity to the thermal diffusion and on the ratio of

the beam spot radius to the absorption depth. Additionally, in

laser welding, the maximum possible penetration depth for

known laser power, the travel speed, and the beam spot size

could be predicted by this model. Finally, the calculated pen-

etration depth for carbon and AISI 316 steels were in good

agreement with the experimental results.

A numerical implementation of a 3D finite element model

has been developed in [95] aiming to dynamically simulate

the laser full-penetration welding process. The authors, based

on the model developed in [90], predicted the penetration

depth and the weld width from the calculation of the transient

temperature profile. The strength of the line source was cal-

culated as a function of the Peclet number and the conductiv-

ity with the assumption of a conical profile of the keyhole.

Various values of conductivity were examined for different

welding speeds, in order for the best agreement between the

model and experiments to be obtained. Finally, the results

suggested that for different welding speeds, an effective ma-

terial conductivity should be used for the prediction of the

weld cross section and that the weld shape is a strong function

of the Peclet number and the material’s conductivity. Authors

in [96] presented a numerical model, based on the

combination of the enthalpy method, and the finite difference

techniques were applied to the heat equation that could bypass

the manual enforcement of the jump condition, at the phase-

separating surfaces. Minimal application of the “life and death

of elements techniques” was required in order for the dynam-

ics of the keyhole to be captured. The work resulted in the

creation of a software tool, capable of predicting the keyhole

and melt pool characteristics of various materials and process

parameters. On the other hand, the authors in [97] developed

their models with a commercially available software and

based on the finite element method (FEM) validated the sim-

ulation results of the weld shape with experimental values of

stainless steel welding. Moreover, the authors in [98] also

developed an FEM model, aiming to investigate the thermal

phenomena and microstructure of Ti6Al4Vand 42CrMo laser

welding. Based on the model, a temperature field with various

laser power values and scanning velocities was calculated to

explore the relationship between the process parameters and

the interface temperature. As the authors have mentioned,

from the numerical simulation and experimental investigation,

the calculated temperature history, at measuring points, had a

tendency similar to that of the experimental results. Finally,

the interface temperature could just reach or be a little higher

than the melting point of the lower sheet material 42CrMo

through the adjustment of the process parameters according

to the numerical calculation. However, Abderrazak in [99]

took also into consideration the Marangoni effect that simu-

lated the flow ofmeltedmaterial inside the melt pool, resulting

in a different weld pool shape. The relationship between the

penetration depth and the width with the process parameters

has been experimentally verified in the last sections of the

particular paper (Fig. 9).

Despite the modeling performed on the subject of correla-

tion of the thermal field with the melt pool geometry, several

studies have been also published aiming to make a numerical

investigation into the susceptibility of a weld defect to appear,

depending on the simulated temperature field and the process

parameters [100, 101]. Indicatively, Zhao and DebRoy in

[102] developed a numerical model in order to predict the

keyhole geometry and the temperature profile. The model

can be used in order to prevent the macro-porosity formation,

during the laser welding of aluminum alloys. The authors,

based on the observation that the weld metal contained large

pores when the welding mode changed from conduction to a

keyhole mode or vice versa, were able through their model to

predict the macro-porosity formation when the welding mode

occurred due to alteration in the process parameters.

3.1.1 Empirical modeling

Empirical modeling has been extensively used in laser

welding in order for the optimum process parameters for high

quality to be identified through the conduction of a series of
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experiments. Recent advances in the development of empiri-

cal modeling algorithms (such as those of machine learning)

have helped in the extensive implementation of the method in

a wide range of manufacturing processes, especially in those

whose quality in products is highly dependent on several pro-

cess parameters. Authors in [103] used the Taguchi method in

combination with gray relational analysis in order to optimize

process parameters with respect to weld strength and width.

Furthermore, in [104], the researchers optimized the CO2 butt-

welding process in the ranges of the investigated parameters

(power, welding speed, focused position) using the Taguchi

approach and artificial neural networks. In a similar approach

[105], some of the previous papers’ authors have extended

their work by implementing the analysis of variance

(ANOVA) method to investigate which welding process pa-

rameters significantly affect quality characteristics. By slightly

altering the quality metrics, the results indicated that for the

welding pool area the main effect was the welding speed while

for the weld pool width there was a linear relationship among

the main effects of the three investigated parameters. Finally,

for the welded pool width, in the middle of the work-piece, the

method indicated laser power as the most affecting parameter.

The same issue with similar approaches, but with different

process parameters for investigation, quality metrics, and

specimen’s material, has also been addressed in [106–109].

Furthermore, the authors in [110] have used back-

propagation and learning vector quantization neural networks

for the prediction of the laser welding parameters of butt

joints. Work-piece thickness and welding gap were used as

inputs, while the output parameters “responses” were optimal

focus position, acceptable welding parameters of laser power,

welding speed, and weld quality, including weld width, un-

dercut, and distortion. A fuzzy system for real-time inspection

of specific anomalies (such as anomalies in the current,

voltage, or speed of the arc, contamination with other mate-

rials, holes) and the position of defects were also developed in

[111]. In an extensive experimental comparison, the fuzzy

system outperforms a former version of the detection algo-

rithm, based on a statistical approach. The system was mostly

applied to the arc welding process, but the authors believed

that since the detecting emissions (UV, IR, and VIS) were also

generated in laser welding, the implementation of such a sys-

tem would be feasible in the particular process too. An inter-

esting study was also described in [112]. The researchers

underlining the difficulty of taking in-process measurements

of the penetration depth and the inclination angle, even if the

keyhole size can be detected by using a visual monitoring

system, trained a static neural network in order to establish a

correlation between the welding parameters and the keyhole

geometry. The dynamic state observer was also trained on the

basis of the transient welding conditions, predicted by a nu-

merical model, and then were used for the estimation of the

time-varying keyhole geometry. Finally, a coaxial monitoring

system was used in order to observe the keyhole shape in real

time, provide input to the neural network, and indicate poten-

tial welding porosities (Fig. 10).

The researchers in analyzing acoustic signals during the

keyhole and conduction laser welding, in [113], concluded

that the intensity of low-frequency (<781 Hz) components,

of the sound signals, decreased dramatically when welding

defects occurred and the shape of the keyhole had a strong

effect on the intensity of the acoustical signals. Based on the

experiments performed, an artificial neural network (ANN)

was also constructed for the diagnosis of welding faults. The

quality characterization of laser welds, based on acoustical

signals, has been also studied in [51, 114] and [52], integrating

ANN and multiple regression methods and investigating the

penetration as a quality measure.

Fig. 9 Calculated temperature field in different sections with Marangoni effect (1000 W, 5 m/min) [100]
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Another interesting approach that implements a different

inspection technology is introduced in [115]. Authors describe

a fuzzy pattern recognition-based system for monitoring the

laser weld quality. Plasma and spatter were measured by two

photodiode sensors and used for the estimation of the weld

quality. The welds were classified as optimal heat input,

slightly low heat input, low heat input, and misalignment of

focus, compared with reference values obtained from experi-

ments. By extending their study, the same authors developed

laser weld quality methods that implemented ANN and re-

gression models in [116] and [117]. Plasma and spatter were

also the phenomena measured for the identification of good or

bad welds.

It is clear from the papers cited above that classification

modeling for the status of the welding quality has become a

research focus. Several studies have proposed alternatives,

based on a different sensing feedback, aiming to establish

in-process quality assessment techniques and effective adap-

tive control systems.

Paper’s summary table The summary table presented below

aims to provide information concentrated on the publications

cited in this paper. The columns depict the different monitor-

ing techniques implemented for the inspection of the weld

defects, while the rows refer to the physical phenomena

observed with the particular sensors, the identifiable defects,

the cost, and the limitations of each technology as well as the

related citations. In this way, the reader can easily match the

monitoring technologies with the laser welding phenomena

and the defects that can be directly or indirectly correlated

with the sensing feedback. Additionally, the reader can look

up relevant publications and extract additional information.

Generally, it was observed that inner defects such as cracks,

pores, and outer formations, namely, humping, were detected

from the temperature field and the melt pool with the use of

thermal or/and vision cameras as well as spectrometers and x-

ray devices. On the other hand, the penetration depth and

width of a weld, as well as the undercuts and blowouts, have

been extracted not only from the use of cameras but also from

acoustic and optical sensors such as photodiodes, pyrometers,

and spectrometers, while the monitored phenomena were the

plasma plume, spatters, work-piece, and reflected laser beam

energy. Finally, from the reviewed application, the fact obtain-

ed is that camera solutions were expensive with a demanding

setup and a relatively low sampling rate, while the acoustic

and optical sensors were more easily integrated. However, the

acoustic and optical sensors were insufficient to capture criti-

cal defects in contrast with the cameras (even indirectly),

while the sensors could identify only specific characteristics

of the process.

Fig. 10 a Static NN results for penetration depth. b Dynamic NN results for changing laser power [112]
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4 Post-process quality assessment of laser welding

Post-process quality inspection is usually performed by well-

known techniques such as eddy current, ultrasonic, visual, or

radiographic testing. The particular methods of inspection can

verify compliance between standards and the weld quality,

through the examination of the surface and the subsurface of

the weld and the surrounding base material. The effort for

automated test procedures in these techniques is very high,

and an online solution is not possible to be implemented.

Thus, the quality feedback loop is larger compared with the

online solutions. For this reason, most of the studies presented

in this section concern the application of these methods in

post-process inspection. However, some papers are also cited

in which focus is given to the development of real-time auto-

matic inspection algorithms, based on x-ray imaging.

4.1 Ultrasonic

Ultrasonic inspection methods involve generation of ultrason-

ic waves, which then interact with the weld. Internal defects

cause the incident wave to reflect and or diffract. These waves

are then detected and analyzed. Passini [118] investigated and

published an ultrasonic phased array inspection for the detec-

tion of defects in thin aluminum laser beam-welded sheets. A

correlation between this technique and the radiographic and

metallographic inspections has also been performed. Among

the conclusions obtained, the authors observed that when the

attenuation of the ultrasonic waves was received separately for

the base metal, it was possible to identify not only the welding

line but also the presence of grouped pores. However, as no

microcracks were found by metallographic inspection on the

welded samples, it was not possible to be verified if the prin-

ciple of ultrasonic wave attenuation could be applied to crack

detection in the welding line. Moreover, the authors in [119]

introduced a new ultrasonic technique, designed for the inline

inspection of the laser welds of tailored blanks. The

investigated application concerned a large-volume production

process, and it was necessary that the defective blanks be

immediately separated. The process integration also required

an inspection speed of about 10m/min and a signal processing

technique that could be easily automated at moderate costs.

Thus, the ultrasonic technique’s development was based on

the application of guided ultrasonic (plate) waves with shear

horizontal polarization, excited and detected by free electro-

magnetic acoustic transducers (EMATs). The principle behind

the developed UT and the scanning probe that was used is

illustrated in Fig. 11.

Using a non-contact electro-magnetic acoustic trans-

ducer placed on the opposite side of a Nd:YAG Q-

switched pulse laser, which generates ultrasound, re-

searchers in [120] have analyzed the signal in order to

determine the time required for ultrasound to travel

from the one end to the other [time of flight measure-

ment (ToF)]. With this system, the authors were able to

calculate weld geometry from indicating the weld qual-

ity. In a next stage, according to the paper, these data

could be used as feedback for controlling a welding

process. Similar approaches have been thoroughly inves-

tigated in the doctoral theses presented in [121] and

[122]. Additionally, the hybrid EMAT system was de-

ployed in [123], overcoming the problem of detecting

very low-amplitude diffracted waves through the illumi-

nation of the surface with a laser beam, produced from

a high-energy pulsed laser. The laser source was used in

order to generate ultrasonic waves of relatively great

amplitude.

However, according to [124], the ToF methods require ac-

curate knowledge of the sound speed for the definition of

geometric quantities. This is not a drawback for known uni-

form material temperature profiles, but the in-process use of

such systems in a high-temperature environment is impossi-

ble, due to serious limitations on the accuracy of the

measurements.

Fig. 11 a Electromagnetic acoustic transducers with probe holder scanning a weld. b Ultrasonic technique principal [119]
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4.2 X-ray radiography

Radiography is based on the ability of x-rays and gamma rays

to pass through metal and other materials opaque to ordinary

light, and produce photographic records of the transmitted

radiant energy. All materials will absorb known amounts of

this radiant energy, and therefore, x-rays and gamma rays can

be used in order to show discontinuities and inclusions within

the opaque material. The permanent film record of the internal

conditions will show the basic information by which weld

soundness can be determined. The low speed and potential

radiation hazards limit its use. The results in most cases re-

quire operator interpretation, and seldom is it used in automat-

ed environments. Additionally, x-ray techniques are very ex-

pensive due to the manipulation of the parts and the protection

required; consequently, they cannot be applied to typical pro-

duction cycles of a weld machine.

However, there are several studies which were investigated

and improved radiography testing in laser welding processes.

Indicatively, Mai and Spowage [125] investigated the porosity

of dissimilar material joints by using x-ray imaging.

Examination of porosity indicated clear trends, associated

with the laser welding speed, while the weld pool geometry

was also captured by the x-ray technique. Figure 12 presents

the cross section of a joint and the effect of the welding speed

on weld porosity and number of pores.

An interesting approach, based on x-ray images, is also

described in [126]. The authors have presented a method of

automatic defect recognition on the x-ray weld image, based

on a support vector machine (SVM). In addition, in [127], a

defect recognition approachwas developed, on the basis of the

x-ray image processing techniques. The novelty with this

study was the implementation of an effective method, based

on the fuzzy theory. With the proposed algorithm, the images

were filtered with the application of fuzzy reasoning via local

image characteristics, aiming to detect small objects of low

contrast. One step further, the x-ray imaging inspection tech-

nique was adopted by the authors in [128] in order to optimize

the laser parameters with the evaluation of the identified de-

fects. Finally, the paper presented in [129] described a method

for the reconstruction of the 3D shape of the melt pool and the

capillary of a laser keyhole welding process. Three different

diagnostic methods, including x-ray, optical videography, and

metallographic cross sections, were combined to acquire the

three-dimensional data of the solidus–liquidus surface. A de-

tailed description of the experimental setup and a discussion

on different methods for the combination of the 2D data sets of

the three different diagnostic methods with a 3D model were

also given. The suggested method improved the understand-

ing of the process fundamentals of laser welding and offered

the possibility of calibrating or verifying computer-aided pro-

cess simulations.

4.3 Eddy current technique

The eddy current systems use electromagnetism to provide

surface inspection and a limited level of subsurface inspection

(a few thousands of an inch). When an alternating current is

applied to a coil, a magnetic field is developed in and around

it. If an electrically conductive material is placed in the coil’s

dynamic magnetic field, electromagnetic induction will occur

and eddy currents will be induced in the material. The eddy

currents generate a secondary magnetic field that will oppose

to the coil’s primary magnetic field [130]. The conventional

eddy current techniques are capable of detecting longitudinal

and traverse surface cracks, the lack of fusion, the crater

cracks, the pores, and other surface-breaking discontinuities.

According to the research in [130], an eddy current method

has been tested for detection and classification of defects in

laser-welded seams. Defects and changes in material proper-

ties have resulted in changing eddy current signals. The eddy

current data were pre-processed and assigned to the

Fig. 12 Relation of porosity with welding speed (left). Cross section of dissimilar material joint (right) [125]

1842 Int J Adv Manuf Technol (2018) 94:1825–1847



characteristic areas of making reference to x-ray samples, in

the impedance plane diagram. There were parts of satisfactory

quality, with surface pores, lacking in connection as well as

unwelded parts identified. The results were in good agreement

with reference methods, such as radiography and metallogra-

phy. Figure 13 illustrates the evaluation results of a laser

welding seam which shows surface pores and areas without

connection of the joining plates. In the same pattern, but fo-

cusing only on crack defects for identification, the authors in

[131] firstly developed a vision-based system for an automat-

ed inspection of surface cracks in materials. Afterwards, the

magnetic particle inspection method was used in order to re-

veal cracks in ferromagnetic materials. For each crack, the

average length and width were calculated through the calibra-

tion of the vision system for its conversion from pixels into

millimeters. The width measurements, before and after the

test, were also in agreement, indicating that the system had

made valid measurements of the crack size.

A modification to the technique has led to the establish-

ment of the eddy current array (ECA) technology, which en-

hanced its capabilities with the use of several coils in a single

probe, in a cooperative sequence for the prevention of mutual

interference. The sequence can provide a wide and complete

scan of the surface. The coils are designed to have the required

impedance and penetration for the accurate inspection of the

target material. In this regard, a study conducted for the in-

spection of laser welds, implementing the array eddy current

technique, has been presented in [132]. The authors have cre-

ated three groups in order to evaluate the weld quality. The

experiments were classified as good (G), lack of penetration

(LOP), and full penetration. The weld defects were matched

with the current signal, and a more detailed analysis could be

compared with the simple eddy current technique. According

to the conclusions of the study, the advanced array eddy cur-

rent technique demonstrated excellent capabilities to detect

through the image typical laser welds’ flaws with length (less

than 2 mm and depth less than 1 mm (underfill profile)).

Finally, it was concluded that the technique could be easily

automated for fast inline, but post-process inspection and the

control of the laser welding process.

Despite the advantages of the eddy current technique (min-

imal testing time, measurements without human intervention,

non-destructive, contactless, minimum part preparation), there

are drawbacks that limit its extended use: The technique ap-

plies only to conductive materials, the surface has to be acces-

sible to the probe, the surface finish and roughness may inter-

fere, and the reference standards are necessary for set up.

Finally, eddy current technique is often used in conjunction

with other inspectionmethods, due to its difficulty in detecting

some critical defects and its limitation to penetrating the test

material.

5 Discussion and future outlook

In this paper, a critical review has been made on the previous

efforts for the improvement and investigation of newmethods,

techniques, and modeling approaches for quality assessment

in laser welding. The paper has been separated into two main

sections, based on the time that the inspection and assessment

of the laser welds took place. Furthermore, the corresponding

papers have been deployed according to the operating princi-

ple used for the monitoring of the process. Moreover, the

correlation of process parameters and quality metrics was an-

other aspect that was taken into consideration. Therefore, an-

alytical (also numerically solved) and empirical approaches

were investigated and included in the study.

From what has been cited, it can be concluded that for in-

process quality assessment techniques, non-invasive optical

sensing is considered being the ideal real-time monitoring

technology for laser welding. Specifically, thermal and vision

cameras provide a more complete view of the laser welds as

far as the temperature field and the spatial information is con-

cerned. However, the dependence of the image-based temper-

ature measurements on material properties, namely, emissivi-

ty, has raised some issues as regards the detailed study of all

the phenomena that occur during the melting, evaporation,

and solidification phases in laser welding. However, as it has

been shown above, several publications have overcome this

drawback, and lately, there is an upgraded interest of the re-

searchers who seem to focus on creating and establishing in-

dustrial multi-spectral and multi-modal solutions [133, 134].

The idea is that the device will be able to capture a wide range

of infrared spectrum enabling the monitoring of different mag-

nitudes in different spectral bands.

Additionally, the review has pointed out that the develop-

ment of modeling in order to correlate measured magnitudes

and process parameters during laser welding with quality

Fig. 13 Eddy current signal for reference sample (orange graph, weld

quality OK) and examined sample (green graph) versus distance [130]

(color figure online)
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metrics has been extensively investigated in the literature.

Focus has been given to the development of models with

targeting the estimation of the melt pool and the keyhole’s

evolution under specific process parameters, while in several

attempts, semi-empirical models led to the correlation of the

temperature field and the melt pool evolution with the exis-

tence of defects. On the other hand, empirical modeling is a

key tool that has to be further integrated into real-time control

and quality assessment systems, mainly due to the quality

prediction and re-training capabilities that the machine learn-

ing and classification techniques can provide to the system,

fed by previous labeled data.

Taking into account the above, it is obvious that the devel-

opment of a quality assessment system with cognitive charac-

teristics can be the most interesting and challenging field, for

future research in laser-based manufacturing in general, and

not only in laser welding. The implementation of machine

learning techniques can interfere with control systems, and

based on experimental modeling approaches, they can predict

defects and assure the quality in the products. The implemen-

tation and integration of such systems will lead to a sustain-

able, modular, and flexible manufacturing.
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