
Author Query Form

Journal Title : PIB
Article Number : 539933

Dear Author/Editor,

Greetings, and thank you for publishing with SAGE. Your article has been copyedited, and we have a few queries for you.

Please respond to these queries when you submit your changes to the Production Editor.
Thank you for your time and effort.

Please ensure that you have obtained and enclosed all necessary permissions for the reproduction of artistic works (e.g. illus-

trations, vcharts, maps, other visual material, etc.) not owned by yourself, and ensure that the Contribution contains no unlaw-
ful statements and does not infringe any rights of others, and agree to indemnify the Publisher, SAGE Publications Ltd,
against any claims in respect of the above warranties and that you agree that the Conditions of Publication form part of the

Publishing Agreement.

Please assist us by clarifying the following queries:

Sl. No. Query

1 AQ: Please check whether the author names and affiliation details are correct as set.

2 AQ: Please check whether the corresponding author details are complete and accurate as set.

3 AQ: Per journal style, abstract should not exceed a maximum of 250 words. Please check and
make the abstract concise.

4 AQ: Please check whether the edits made to the sentence ‘They notify that sound pressure ...’

are correct.

5 AQ: Please check the sentence ‘Insufficient heat input to the welding pool ...’ for clarity.

6 AQ: Please check whether the usages ‘peaks amplitudes’ and ‘peak’s averages’ are correct as
given.

7 AQ: Please check whether the change from ‘rms’ to ‘RMS’ is correct in all instances.

8 AQ: Please check whether variables/terms/functions are accurately and consistently used in all
instances.

9 AQ: Please note that ‘DA’ has been changed to ‘DS’ in equation (4). Please check.

10 AQ: Please check whether equations (4)–(7) are correct as set.

11 AQ: Please check whether the inserted expansions for ‘DF’, ‘SS’ and ‘MS’ are accurate.

12 AQ: Please note that ‘DA’ has been changed to ‘DS’ in Tables 4 and 5. Please check.

13 AQ: Please provide description for the part labels mentioned in the artwork of Figure 9.

14 AQ: Please confirm whether the given conflicting interest statement is correct.

15 AQ: Please confirm whether the given funding statement is correct.

16 AQ: Please provide editor name(s) and publisher details for Ref. 5.

17 AQ: Per journal style, the first three author names are spelt out followed by ‘et al.’; hence, please
provide the missing authors for Ref. 6.

18 AQ: Please check whether the inserted details are correct for Ref. 7.

19 AQ: Please check whether the given journal title is correct for Ref. 14.

20 AQ: Please note that the given URL in Ref. 21 does not lead to the desired web page. Please
provide an active URL.



AQ1AQ1

AQ3AQ3

AQ4AQ4

Original Article

Proc IMechE Part B:
J Engineering Manufacture
1–11
� IMechE 2014
Reprints and permissions:
sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/0954405414539933
pib.sagepub.com

Regression modeling of welded joint
quality in gas metal arc welding
process using acoustic and electrical
signals

Hamid Shahabi and Farhad Kolahan

Abstract
In any welding process, the quality of joints is significantly affected by the bead geometry as well as the presence of vari-
ous welding defects. One promising approach is to utilize the features of the output welding signals such as voltage, cur-
rent and sound to monitor and predict the quality of the welded joints. In this work, for gas metal arc welding, a
regression modeling has been proposed to predict two main weld quality measures, namely, welding defects and bead
shape factor. The proposed approach is based on the features of welding electrical and sound output signals. The weld
quality characteristics are defined in terms of weld defects (discontinuity, lack of fusion and overlap) as well as weld
shape factor. These measures are modeled using the statistical parameters of weld sound and electrical output signals.
To develop the models, 13 statistical parameters of the signals have been employed. To gather the required data, a total
of 57 experiments have been performed based on the optimal determinant method (D-optimal) of design of experi-
ments approach. The curvilinear function has proved to have the best fit for the process under consideration. The pro-
posed models are validated through further experiments. Comparisons between the experimental measurements and
the predicted values indicate that the developed models are quite accurate in predicting the actual gas metal arc welding
process in terms of the two main weld quality indices. The approach proposed in this study may well be used to adjust
the input parameters in such a way that the desired bead geometry is obtained while the welding defects are minimized.
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Introduction

Gas metal arc welding (GMAW) is one of the most
widely used joining processes in various industries. This
is due to its low cost, high productivity and high poten-
tial for automation. Like any other welding process, the
quality of the joint in GMAW is mainly determined by
the weld bead geometry and the presence of various
welding defects. These quality measures, in turn, are
influenced by welding input parameters such as voltage,
feed rate, welding speed and electrode-to-workpiece dis-
tance. In addition, in-process signals such as sound and
electrical signals, which can be measured during the
welding, may also be good indicators of the weld
quality.1–3 These signals can be measured and moni-
tored while the welding is still in progress. They would
directly relate the input parameters setting to the weld
quality indices, including bead shape and welding
defects, and hence provide an opportunity to adjust the
input parameters settings for an improved joint.4,5

There is an extensive body of research to relate
sound and electrical signals to the welding output speci-
fications, among which welding acoustic signals have
been especially of great interest. Weld sound signals are
also used by experience welders as a measure for online
control. Arata et al.6 showed that the welding arc sound
is affected by input parameters such as welding power,
welding speed, gas flow rate, type of shielding gas and
wire extension. They notify that sound pressure is
strongly synchronized with the extinction and ignition
of arc. Wang et al.7 find that acoustic signal of gas
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tungsten argon welding (GTAW) process of aluminum
is greatly affected by welding parameters. They have
studied the relation between welding power and sound
based on Fourier transforms and recursive least squares
method. Wang et al.8 have used the features of welding
sound signal to monitor the welding penetration. Cayo
and Absi Alfaro9 have concluded that the analysis of
welding sound signal in time domain may be more per-
ceptible in detecting defects, compared to frequency
domain. Senthilkumar et al.10 have reported a correla-
tion study between the sound signal parameters and the
tensile strength of the joints in friction stir welding
process.

In welding process, the transference of molten mass
to the workpiece may be in three different modes: short
circuit, globular and spray. To determine the transfer-
ence mode during the welding, Cayo and Absi Alfaro11

have used some important statistical parameters of the
sound pressure level spectrums such as mean value, var-
iance, standard deviation and number of pulses per sec-
ond. Poopat and Warinsiriruk12 have shown that the
transfer mode in welding process can be detected by
welding sound signal. They have classified weld transfer
mode according to the values of sound level and fre-
quency of sound peaks.

Many studies have reported the correlations of char-
acteristics of welding process signals with each other.
Drouet and Nadeau13 have showed that the emitted
sound of weld arc is proportional to the arc electric
power. Cudina et al.14 have reported that the arc sound
power can be calculated based on welding current.
They considered the arc ignition and extinction as well
as the arc ionization as two main sources of generating
weld sound.

Stability of weld arc is a necessary condition to have
an acceptable weldment. Grad et al.15 have investigated
the influence of the welding parameters settings on the
weld acoustic signals and arc stability. They have
reported that the weld process is more stable in higher
frequencies of molten mass droplets. Roca et al.16 pro-
posed a stability criterion for welding process employ-
ing standard deviation of peak amplitude and time
intervals between peaks.

The microstructure of welded joint is one of the
most important factors affecting the overall quality and
strength of the joint. In this regard, Grujicic et al.17,18

established the thermal–mechanical coupled model
combined with the physical metallurgy concepts to pre-
dict the distribution of crystalline phases within the as-
welded microstructure. The proposed procedure has
been applied to the low carbon steel AISI 1005 and
high-hardness armor-grade MIL A46100 martensitic
steel. In an improved analysis, for GMAW process, a
comprehensive multiphysics computational model has
been proposed by Grujicic et al.19 The developed model
has been applied to the butt-welding of MIL A46100 in
order to predict the microstructure evolution and the
local properties of the fusion zone (FZ) and heat-
affected zone (HAZ). The model is proficient to

establish the relationships between the GMAW process
parameters, workpiece material chemistry, temporal
evolution and the spatial distribution of as-welded
material microstructure and properties.

Most current studies on stability criteria, however,
do not specifically address the quality of the weldment.
In addition, there are no quantitative models to directly
relate welding signal characteristics to the weld quality
specifications. In fact, each of the welding signals (vol-
tage, current and emitted sound) contains certain infor-
mation about weld quality characteristics, which may
not be shown by others. Therefore, these signals should
be simultaneously considered in order to have an accu-
rate representation of the welding process.

This article presents a modeling approach to relate
the main GMAW output signals to some of their most
important quality measures. A set of mathematical
models, based on the statistical parameters of the
above-mentioned signals, is derived to assess the qual-
ity of the welded joint. The outputs of the proposed
models are then compared against experimental data to
validate their performance for predicting weld defects
and bead geometry. The influential in-process output
signals are closed-loop voltage, current and emitted
sound. To assess the quality of the welded joint, four of
the most important weld characteristics are concur-
rently considered. They include bead shape factor (SF),
lack of fusion (LF), overlap (OL) and discontinuity
(DS).

Shape factor is the ratio of the height to the width of
the weld bead (Figure 1). It is directly related to the
weld bead geometry, one of the main quality measures
in welding.20 The geometry of the weldment has pro-
nounced effects on the strength and quality of the
welded joints. Depending on the specific application
and the welding process, weld shape factor should be in
a specific range as the out-of-the-range shape factor
may be an indication of improper welding conditions
and poor welded joints.

LF, OL and DS are three of the most important
visual weld defects affecting the quality of the welded
joints. LF, also called cold lapping or cold shuts, occurs
when there is no proper fusion between the filler and
surfaces of the welded parts. This may happen when the

Figure 1. Weld bead geometry and shape factor.
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welding pool is too large, welding speed is too slow and/
or the weld (filler) metal is permitted to roll in front of
the arc. Overlapping may take place when the filler
metal does not spread enough on the base parts and, as
a result, the angle between the base part and the weld
bead is less than 90�. Insufficient heat input to the weld-
ing pool or excessive deposition rate of filler are possible
reasons for this defect. DS occurs when the weldment
line is separated to the parts. Insufficient arc heat input
and too small wire feed rate may be the cause of this
flaw.21 All these defects are visually detectable on the
welded parts. Their occurrences, however, come with the
changes to the sound and electrical signals during the
process. Figure 2 schematically illustrates the shapes and
the possible locations of these defects.

Design of experiments

Design of experiments (DOE) is a method that pro-
poses a desired set of experiments to optimize or to
investigate an under studying object.22 In this work,
D-optimal technique is implemented to design the
experiments. The D-optimal design is a subset of all
possible combinations of the factors. This method maxi-
mizes the determinant of XTX called the ‘‘information
matrix.’’ Unlike the standard classical designs, such as fac-
torials and fractional factorials, D-optimal design matrices
are usually not orthogonal, and their effects are corre-
lated. The details of this technique and its diverse applica-
tions are well documented in the related literature.22 In
this study, voltage, welding speed and wire feed rate are
considered at four levels. The electrode-to-workpiece dis-
tance is set at three levels. Table 1 lists the input para-
meters and their corresponding levels used in DOE plan.

To establish the relationships between the character-
istics of emitted weld signals and the quality of weld-
ment, a set of 57 experiments were performed based on

D-optimal design matrix. The experimental design
matrix is shown in Table 2. The statistical parameters
of the output signals of each test are used as the vari-
ables of regression models.

Experimental apparatus and execution

The experimental setup used to perform welding tests
and to record corresponding arc signals is illustrated in
Figures 3 and 4. The test specimens were made of API
5LX42 plates with dimension of 150mm3 50mm3 5
mm. Experiments were conducted on Pars MIG-SP501
with constant static voltage. The consumable electrode
wire was made of mild steel with 1mm diameter. A
mixture of 80% Ar and 20% CO2 was selected as the
shielding gas. Welding tests were carried out randomly
with at least two duplications each. Prior to the weld-
ing, the surface of the specimen was completely cleaned
by sand blasting. The total length of welding was 10
cm, out of which the first 2 cm was cut off.

To record the sound signals, a Dynacord C3 micro-
phone was mounted on the welding table with constant
distance of 30 cm from the torch. The sound signals
were collected through a Taskam144 external sound
card with a sampling frequency of 40 kHz. The two
electrical signals (voltage and current) were collected
using PCI Eagle 703S data acquisition card. LabViEW
7.0 was employed as the data accusation software.

Welding signals and their statistical
characteristics (models inputs)

In this study, the welding quality measures are modeled
using the statistical characteristics of signals generated
during the process. As illustrated in Figure 5, for all sig-
nals in defect zone, the amplitude and the occurrence
frequency of the peaks are completely different than

Table 1. Welding parameters and corresponding levels.

Welding parameter Symbol Levels

Voltage (V) V 20 25 30 35
Weld speed (mm/min) S 217 319 420 522
Feed rate (m/min) F 6 9 12 15
Electrode-to-workpiece distance (mm) D 5 12 19

Figure 2. Schematic illustrations of three weld defects.
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those of faultless regions. These changes in signals pat-
terns and shapes may be used to construct mathemati-
cal models to relate weldment quality characteristics to
the welding signals.

However, it should be noted that different defects
may produce somehow similar patterns on a given
welding signal. By the same token, the shape of a given
welding signal may not distinctively represent a specific

defect. As a result, an individual output signal, by itself,
may not conclusively represent a specific weld defect.
In Figure 5, for instance, the DS defect has altered all
three signals, some of which may be common to other
defects. Therefore, to distinguish a specific defect by its
signature on the output signals, all these signals should
be analyzed simultaneously.

In this study, the welding quality measures are mod-
eled using the statistical characteristics of the sound
and electrical signals generated during the process. The

Table 2. Design of experiments table.

Test number V S F D Test number V S F D

1 V1 S2 F4 D3 30 V4 S4 F2 D3
2 V2 S4 F4 D3 31 V3 S1 F4 D2
3 V2 S3 F2 D2 32 V3 S3 F2 D1
4 V4 S3 F3 D1 33 V1 S2 F1 D2
5 V2 S3 F3 D3 34 V4 S4 F1 D2
6 V1 S3 F3 D2 35 V1 S1 F1 D2
7 V2 S1 F2 D1 36 V1 S4 F1 D3
8 V2 S4 F1 D2 37 V1 S3 F4 D3
9 V1 S3 F2 D3 38 V4 S3 F1 D2
10 V1 S3 F1 D1 39 V4 S1 F1 D1
11 V1 S4 F4 D2 40 V1 S1 F3 D3
12 V3 S4 F3 D2 41 V4 S1 F2 D2
13 V2 S2 F1 D1 42 V3 S1 F2 D3
14 V2 S2 F4 D2 43 V3 S4 F2 D2
15 V4 S2 F3 D2 44 V4 S4 F3 D3
16 V4 S1 F4 D3 45 V2 S1 F3 D2
17 V4 S2 F1 D3 46 V2 S3 F4 D1
18 V4 S3 F4 D3 47 V4 S2 F2 D1
19 V1 S2 F3 D1 48 V3 S1 F1 D1
20 V3 S1 F1 D2 49 V4 S2 F4 D2
21 V3 S3 F1 D3 50 V2 S2 F2 D3
22 V3 S2 F2 D2 51 V1 S1 F2 D2
23 V2 S4 F3 D1 52 V1 S4 F3 D1
24 V3 S4 F4 D3 53 V3 S3 F4 D2
25 V3 S1 F3 D1 54 V1 S1 F4 D1
26 V4 S4 F4 D1 55 V3 S2 F4 D1
27 V2 S1 F1 D3 56 V3 S3 F3 D3
28 V1 S4 F2 D1 57 V3 S4 F1 D1
29 V3 S2 F3 D3

Figure 3. Schematic representation of the setup used in
experiments.

Figure 4. Welding torch and microphone.
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behavior of any signal can be expressed by its statistical
parameters in the time or frequency domain. Hence, to
use the welding signals in mathematical modeling, their
statistical parameters have been utilized. Table 3 lists
the statistical parameters employed as the model vari-
ables in the regression analysis.

The quality of the weldment is strongly related to
the patterns of the weld signals, especially signal peaks.
In this study and by experience, for current and voltage
signals, peaks are those signal samples that are 1s

larger than mean amplitude. Similarly, for sound, only
those samples that are 3s larger than mean amplitude
are considered to be peaks. Signal peaks are usually
caused by arc ignitions and extinctions. With regard to
this, the characteristics of signal shapes may be stated
by mean values (M) and standard deviations (s) of
peaks amplitudes and the time between consecutive
peaks. The statistical parameters used in model devel-
opments are therefore based on these measures.

A perfect weld usually has uniform peak amplitude
in its sound signals. Sound peaks with larger than

normal amplitudes may point to possible defects in the
weldment. To account for this, parameters x1 and x3
are introduced. As a measure of weld sound unifor-
mity, x1 is defined as the ratio of the standard deviation
to the mean values of sound peaks. Also, parameter x3
is used to account for the number of sound peaks in
the predetermined length of the weldment.

Another important indicator of a good welding pro-
cess is the consistency of the sound along the entire
welding path. In other words, to have a stable welding,
sound peaks should demonstrate a fairly constant pat-
tern. The sound signal of welding is said to be consis-
tent if its peaks occur within rather similar amplitudes
and time intervals. To quantify these characteristics,
parameters x2 and x4 have been employed. The weld
path may be divided into several segments of equal
sizes (10 segments for 8 cm of welding path in our
case). Then, the average of peaks amplitudes is calcu-
lated for each segment. The amplitude consistency of
the welding process can now be shown by x2, which is
the standard deviation of the peak’s averages of all

Figure 5. Effects of weld defects on the sound, voltage and current signals patterns.
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segments. The similarity of time intervals between con-
secutive peaks is another important indicator of weld-
ing consistency. Parameter x4 is the ratio of the
standard deviation to the mean value of times between
successive sound peaks. In general, the lower the x4,
the more ordered sound signals would be.

Fast Fourier transform (FFT) is a powerful tech-
nique in signal processing that can identify the domi-
nant frequencies of given signal samples. As shown in
Figure 6, for instance, dominant frequency band is less
than 400 Hz. For x5, x6 and x7, the FFT has been used
as follows.

The x5 is the ratio of standard deviation to the mean
value of peaks in sound signal FFT. It determines the
variations in sound signal FFT. In other words, the
value of x5 shows whether there is a dominant fre-
quency band in the sound signal or not. If one approxi-
mates the sound signal FFT as a continuous curve, the
coordinates of its center of area, defined by x6 and x7,
are the mathematical estimated values for frequency
and amplitude, respectively. Together, x6 and x7 reveal
the approximate values of the dominant sound signal
frequency and its intensity (Figure 7).

To account for the power consumption, x8 is
defined. It is the root mean square (RMS) value of

electrical power signal given as input heat to the weld-
ing pool. To denote how consistent the electrical signals
are, x9, x11 and x13 are introduced for power, voltage
and current signals, respectively. They are similar to x4
(used for sound signals); therefore, the same explana-
tion as that was given for x4 may be given here. During
the process, the welding voltage and current may exhi-
bit fluctuations due to unstable arc, spatter or improper
process parameters settings. To measure the extent of
these fluctuations, x10 and x12 are defined, which repre-
sent the standard deviation of voltage and current sig-
nals, respectively.

In summary, the statistical parameters used
for sound signals (x1 to x7) explain the pattern and
amplitude of arc ignition and extinction. Likewise, the
statistical parameters defined for electrical signals
delineate the amount and the distribution of energy
consumed during the welding process. Together,
through regression modeling, they could provide com-
prehensive information about the quality of the process
and the likelihood of presence of defects in the welded
joints.

Figure 6. FFTof sound signal.
FFT: fast Fourier transform.

Figure 7. Center of area for FFT signal envelope.
FFT: fast Fourier transform.

Table 3. Statistical parameters of sound, voltage and current signals (input parameters of regression models).

Statistical parameter Symbol Statistical parameter Symbol

ssound peaks

Msound peaks
x1 PRMS x8

smean of segments sound peaks x2
stime between consecutive peaks inelectrical power signals

Mtime between consecutive peaks inelectrical power signal
x9

snumber of sound peaks

Mnumber of sound peaks
x3 svoltage signal x10

stime between consecutive sound peaks

Mtime between consecutive sound peaks
x4

stime between consecutive voltage peaks

Mtime between consecutive voltage peaks
x11

speaks of sound signal FFT

Mpeaks of sound signal FFT
x5 scurrent signal x12

Epeaks amplitude of sound signal FFT x6
stime between consecutive current peaks

Mtime between consecutive current peaks
x13

Epeak frequencies of sound signal FFT x7

RMS: root mean square; FFT: Fast Fourier Transform.
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Model development

In this study, four output characteristics in GMAW
process have been considered in process modeling.
These parameters include the most prominent visual
defects (DS, LF and OL) as well as the shape factor
(the ratio of height to width of the weld bead).
Together, they could be used to evaluate the quality of
the welded joints. To develop the mathematical models,
three regression functions—linear, curvilinear and loga-
rithmic function—have been fitted to the values of the
above-mentioned statistical parameters. Equations (1)–
(3) show the general forms of the regression functions

y= b0 +
Xn

i=1

bixi ð1Þ

y= b0 +
Xn

i=1

bixi +
Xn

i=1

Xn

j=1

bijxixj ð2Þ

y= b0 +
Xn

i=1

bi Ln(xi) ð3Þ

In the above formulas, xi and bi are the input value of
the ith variable and its coefficients, b0 is the model con-
stant and y is the predicted process output. The coeffi-
cients of models are calculated by least mean square
method. For all developed models, the insignificant
terms have been removed using backward elimination
method. Based on R2 and R2

adj values, the curvilinear
models are selected as the best set of models for all four
process outputs. For brevity, only the curvilinear mod-
els are presented in equations (4)–(7)

AQ10AQ10

DS= �142919+3612:91X1 +105379X2 +554667X3 � 12:9026X4 � 23:6753X6+0:0266361X7 +1:56644X8 +0:542876X9

� 100:1X13X1 � 5230:11X13X2 � 6843:72X13X3 +5:73099X13X4+0:549647X13X6 � 0:382097X13X9 � 89918:1X23X2

� 204541X23X3 +240:632X23X4 +19:189X23X6 � 538331X33X3 +45:6395X33X6 � 0:0527108X33X7 � 3:03088X33X8

+70:2583X33X5 +0:183497X43X4 � 0:019148X43X6 +0:0740183X43X9 � 0:0012556X63X6 +0:00542479X63X7

+0:000113345X63X8 � 0:000815929X63X9 +0:000365251X73X9 +0:000776384X83X9+0:119556X53X6 � 0:0212714

X53X8 � 0:27248X53X9

ð4Þ

LF= � 167:548+38664:5X2 +2:73369X11+27:6995X12 � 0:737242X8 � 3:74224X9 � 440800X23X2

+88:1292X23X11 � 92:4477X23X9 � 18504:1 X23X5 � 0:00343428X113X11 +0:0543264X113X12 � 0:00129647

X113X8 � 0:00945266X113X9 +0:00668378X113X13 � 0:423099X123X12+0:0291305 X123X8 � 0:00040479X8

3X8 +0:00222729X93X9 � 1:14362X53X11 � 9:50596X53X12 +0:212745X53X8 +44:2171X53X5 +3:23361

X53X10+0:422207X53X13+1:26001X43X12 +0:162683X43X9 � 12:7952X43X5 +1:02264X43X4

� 0:726604X43X10 � 0:893263X103X12+0:02028X103X8 +0:0593092X103X9 � 0:0395951X103X13+0:0132911

X133X9 � 0:00506823X133X13

ð5Þ

OL= � 42:932+100643X2 +39:639X4 � 216:315X5 � 16:996X10 +4:24226X11 +26:7687X12 � 0:605361X8 � 5:2323X9

� 918309X23X2 � 38851:4X23X5 +94:5355X23X11 +14:7088X23X8 � 172:99X23X9 � 62:7288X23X13 +1:6502X43X4

� 30:5198X43X5 +1:28553X43X12 +0:206772X43X9 � 0:0752751X43X13 +106:948X53X5+7:83203X53X10 � 1:68029

X53X11 � 6:87024X53X12 +0:218168X53X8 +0:539992X53X13 +0:430886X103X10 � 0:100514X103X11 � 0:729555

X103X12 +0:13869X103X9 � 0:0310416X103X13 � 0:0200174X113X11 +0:156237X113X12 +0:0113451X113X9 +

0:0195122X113X13 � 1:76105X123X12 +0:0646908X123X8 � 0:0794767X123X9+0:0254246X123X13 � 0:000577244X83X8

+0:00707401X93X9 � 0:00142402X133X8 � 0:0057311X133X13

ð6Þ

SF=4:80275� 1652:77X2 +0:504557X4 � 0:510146X12+0:00954395X8+22433:8X23X2 � 0:480524X23X8 +667:091

X23X5 +8:3864X23X10 � 4:17736X23X11+3:38882X23X13 � 0:0385317X43X4 � 0:0186162X43X12+0:364039X43X5

+0:0329641X43X10 � 0:00399104X43X11 � 0:0023273X43X13 +0:0315839X123X12 � 0:00152025X123X8 +0:00303979

X123X13 � 0:00108468X123X9 +0:000173029X83X8 +0:00033355X83X9 +0:298674X53X12 � 0:00532742X53X8

� 1:38996X53X5 � 0:145084X53X10+0:00828743X53X11 +0:0189702X53X9 +0:0041105X103X10 � 0:00491177X113X12

+0:000100874X113X8 +0:000572735X113X11 � 0:00076239X113X13+0:00013635X113X9�� 0:000497966X133X8 +

0:000261758X133X13 � 0:000257249X133X9

ð7Þ
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The adequacies of the proposed models are verified
based on analysis of variance (ANOVA) results and
normal probability plots of residuals. ANOVA deter-
mines the adequacy of regression models considering
the coefficients of significance (P-value and F-value).
The P-values, F-values and correlation factors of
curvilinear models are listed in Table 4. As shown, the
P-values of all model are less than the selected confi-
dence level of 5% (a level=0.05). Also, the F-ratios of
the models are much higher than their corresponding
standard critical values.

The adequacies of the derived models have also been
investigated by checking the normal probability plot of
residuals. For this check, if the residuals are normally
distributed, the corresponding model is considered ade-
quate. In this case, the plotted points in probability plot
of residuals generally form an approximate straight
line. As illustrated in Figure 8, the residuals of all mod-
els are spread around a straight line within the confi-
dence band of 5%.

Moreover, the fitness of the proposed models is
investigated based on correlation factors, R2 and R2

adj.
As shown in Table 4, the correlation factors are well
above 90% for all four models, indicating proper fit-
ness of the curvilinear function to the experimental
data.

The closeness of R2 and R2
adj values proves that the

curvilinear models contain no unnecessary terms.
Hence, with regard to the above, the proposed curvi-
linear models may substitute the actual welding process
for predicting the joint quality.

Experimental validation of the developed
models

To further investigate the accuracies of the proposed
models in predicting process outputs, 10 more experi-
ments (in addition to the 57 DOE experiments) have
been carried out. In Table 5, the first four columns list
the input parameter settings for validating tests, while

AQ11AQ11

AQ12AQ12

Table 4. P-values and correlation coefficients for curvilinear models.

Output DF Sequential SS Adjusted SS Adjusted MS P-value F-value Critical F-value R2 % R2
adj

DS 35 338.8 338.8 9.68 0.000 22.4 1.93 97.4 93.07
LF 35 69799.4 69799.4 1994.27 0.000 38.5 1.87 98.46 95.91
OL 42 50619.1 50619.1 1205.2 0.000 51.4 1.86 99.36 97.42
SF 37 16.7 16.7 0.45 0.000 25.6 1.86 98.03 94.20

DF: degree of freedom; SS: sum of square; MS: mean square; DS: discontinuity; LF: lack of fusion; OL: overlap; SF: shape factor.

Figure 8. Normal probability plots of residuals for the proposed models: (a) discontinuity, (b) lack of fusion, (c) overlap and
(d) shape factor.

8 Proc IMechE Part B: J Engineering Manufacture



in the last four columns, the measured process output
values are shown.

The experimental results from validating tests are
compared against those predicted by regression models.
The comparison results are schematically illustrated in
Figure 9. As shown, the predicted values closely follow
the real measured data.

The average errors for the four output measures are
given in Table 6. The maximum average error of 5.9%
belongs to LF, while for the shape factor, there is only
3% difference between the predicted and the actual val-
ues. This proves that the proposed models are quiet
effective and accurate in predicting the four main weld
quality measures. The proposed model can be

Table 5. Validating tests (inputs and outputs).

Number Input process parameters Measured outputs

Volts Weld speed (mm/min) Feed rate (m/min) Distance (mm) DS LF (mm) OL (�) SF

1 28 450 11 17 0 0 0 0.59
2 31 406 14 6 0 0 0 0.61
3 33 493 12 10 2 65 30 1.18
4 34 536 13 10 3 80 45 0.73
5 36 551 15 6 2 60 45 1.00
6 42 507 16 17 0 0 0 0.32
7 26 246 10 17 1 65 45 0.86
8 31 435 10 10 0 0 0 0.50
9 31 435 13 10 0 5 5 0.77
10 34 450 10 10 0 0 0 0.35

DS: discontinuity; LF: lack of fusion; OL: overlap; SF: shape factor.
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AQ17AQ17
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substituted as the actual GMAW process in future
studies such as optimization of the process parameters
and online control of process input parameters.

Considering ANOVA tables of presented models
verifies that the most affecting parameters for DS and
OL models are related to the sound signals, which gen-
erally represent the characteristics of arc ignitions and
extinctions. Likewise, the affecting parameters for LF
and SF models are related to the electrical signals,
which correspond to the amount and distribution of
input heat to the welding pool.

Conclusion

In most welding processes, the quality of the joints may
be measured on the basis of the welding defects and the
geometrical characteristics of the weld bead. In the
past, many studies have tried to relate the quality of
the welded joint to the welding sound and electrical sig-
nals. Nevertheless, most current studies are qualitative
and do not address this problem using quantitative
models. Hence, the results are mostly based on the
observations of the signal’s characteristics to determine
the stability of the arc or to predict possible defects in
the weldment.

In this study, an attempt is made to develop a set of
mathematical models to establish the quantitative rela-
tions between the most prominent GMAW sound and
electrical signals to the joint quality specifications. The
weld process outputs considered here include SF and
three types of weld defects: DS, LF and OL. These fea-
tures may be assessed visually, and destructive and/or
non-destructive tests have not been employed. The
merit of this work is that the statistical values of online
welding signals (sound, voltage and current) have been
used to develop more accurate models. The approach
presented in this research shows that the statistical
parameters of sound, voltage and current signals may
adequately represent the output characteristics of the
GMAW process.

To collect experimental data needed for modeling,
57 welding tests were performed based on D-optimal
design. For each specimen, sound, voltage and current
signals were recorded during the welding. Then, 13 sta-
tistical parameters of these signals have been calculated
and used in regression modeling. Based on ANOVA
results and for 95% confidence interval, curvilinear
function proved to be the best and the most fitted mod-
els for all four outputs. The proposed models were also

verified using additional experiments. The comparisons
between the actual and the predicted values reveal that
the proposed models are quite accurate in predicting
GMAW process outputs and the collective behaviors
of these signals are highly correlated to the quality of
the welded joint. In further studies, the proposed mod-
els may substitute the actual process. In this way, the
need for performing additional time-consuming and
costly experiments may be avoided.

It is worth mentioning that the four quality mea-
sures considered in this research may not be sufficient
to conclusively describe the overall quality of the weld-
ment. For instance, the changes to the microstructure
of the weldment and HAZ may significantly affect the
quality of the welded joints.17–19 Therefore, considering
other quality measures, such as the microstructure of
the weldment and in-depth defects, in process modeling
could be interesting topics for future researches. Using
welding signals to optimally determine process para-
meter settings and for online process control may be
some other extensions to the present work.
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