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Abstract

A main objective of any manufacturing activity is to efficiently manufacture prod-
ucts that satisfy the customer's needs. In other words, the manufactured products
must have the desired quality. Undeniably, quality has become a major concern
of many industries and the importance of quality as a competitive strength is
increasing world wide.

This thesis contributes to increasing the understanding of quality assurance prob-
lems for robotic GMA welding and to the development of methods and techniques
for quality control.

A quality assurance (QA) model has been developed. This model systematically
considers the relevant activities before, during and after the welding operations
with respect to quality. Efficient quality assurance requires that the functionality of
the present robotic welding systems needs to be increased and that the knowledge
of the personnel involved in the design and production needs to be improved.
The collaboration between different departments and personnel needs also to be
improved.

Essential knowledge for QA is information about the causes of various weld de-
fects. Quality disturbances can not be eliminated without the elimination of the
quality disturbing sources. The causes of various weld defects are analysed, which
forms the fundamental basis for the making of proper measures to prevent and to
eliminate the sources of quality disturbances and for the diagnosis of the causes of
the disturbances in production.

A controlled welding process requires a satisfactory welding procedure. The pro-
cedure specification aspects have thus been studied and a method for the de-
termination of optimal welding parameters is presented with regards to process
stability, quality requirements and productivity. A main productivity problem of
robotic welding systems for small series production is due to the time spent on the
specification of welding procedures. In order to improve the efficiency, expert sys-
tems technology has been studied and applied to automatically generate optimal
welding procedures.



Many industries have shortages of skilled and experienced welding engineers or
welders. This implies problems in the selection of optimal welding parameters.
An objective method for the assessment of process stability has been developed,
based upon the analysis of the electrical signals of welding arcs. Furthermore, a
method has been developed to monitor the process stability. It is found that it is
possible to identify the causes of the disturbance of process stability and to predict
the weld quality characteristics based on the analysis of the electrical signals.

Though quality is formed during the welding operation, the diagnosis of the causes
of quality disturbances is important for the prevention of quality problems of
subsequent welds and has been discussed. To assist the operators, expert systems
technology is also applied.

Further work should be directed to the integration of various QA functions in the
robotic arc welding system so that both quality and productivity aspects of the
system can be further improved.
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1 Introduction

1.1 Background

Quality is an important competitive factor and its importance is increasing. To be
competitive, an industry must have the ability to attain and maintain the desired
quality at an optimal cost.

For manufacturing industries, there are two important factors influencing the costs:
automation and quality assurance & control. With the increasing labour costs,
more and more manufacturing processes are automated to reduce the production
costs. Other important factors contributing to increased automation include the
shortage of skilled workers, increased requirements on working environment, pro-
ductivity and quality. Automation of arc welding processes with industrial robots
is increasing, mainly due to the high flexibility of such welding systems in terms of
programmability, multi-purpose manipulators and a high capacity to interact with
sensors and to control various devices within the welding system. The pay-back
time for a robot installation is today about 1-2 years in Sweden and is decreasing.

In order to minimize the costs, an industry must also have the ability to prevent
defective products. The inability to prevent defective products increases the costs
due to rework, increased quality inspection, delayed product delivery, decreased
productivity and scrap. If an industry can not ensure the quality of its products,
the confidence of the customer towards the company will be reduced, which in
turn leads to decreased market share for the company.

An investigation that was presented at EFQM (European Foundation for Quality
Management) conference — Quality Management Forum — in 1989 showed that
90% of the industrial leaders among the leading European companies consider
quality a determinant factor for the success of the companies [14].

11



12 CHAPTER 1. INTRODUCTION

1.2 Objectives

This thesis has two fundamental objectives. The first goal is to increase the under-
standing of the quality assurance problems for robotized GMA welding systems.
The other goal is more specific: to develop methods and techniques that take into
account quality control aspects for:

• Welding procedure specification.

• Process analysis and monitoring.

• Diagnosis of the causes of quality disturbances.

1.3 Scope and Limitation

This thesis mainly concerns robotic GMA short-arc welding process, though the
results and discussions presented in this work are also largely valid for other GMA
welding processes.

This study is also limited by the material of the workpiece, namely mild steel
plates with a thickness of no more than 6 mm. Furthermore, no metallurgical and
mechanical aspects of a weld are considered.

1.4 Disposition

Chapter 2 studies the fundamentals of GMA welding process. The controllability
of metal transfer is discussed in detail. The power source, wire feeding system and
shielding gas feeding system are discussed with the respects to the requirements
of controlled welding processes.

Chapter 3 starts with the study of the concepts of quality, quality assurance and
control. The quality functions of welders are identified, which forms the basis for
the development of a QA model for robotic arc welding process.

Chapter 4 presents causes of various weld defects. The prevention and elimination
of quality disturbing sources is discussed.

Chapter 5 studies the welding procedure specification aspects. The methodology of
the determination of optimal welding parameters is presented. The expert systems
technology is introduced and applied to the procedure specification.

Chapter 6 develops a method for the objective assessment of process stability,
based on the analysis of the electrical signals of welding arcs. The method of



process monitoring is developed.

Chapter 7 presents the methods of diagnosing the causes of various quality distur-
bances.



2 Gas Metal Arc Welding

2.1 General Characteristics

GMA1 welding is an electric arc welding process where an arc is established be-
tween a continuously fed consumable wire electrode and the *vorkpiece. Shielding
of the arc, the molten wire tip and molten weld pool is obtained by means of an
externally supplied inert or active gas or gas mixtures to present contamination
from the surrounding atmosphere.

Figure 2-1 schematically illustrates the main p-uts of a GMA welding process. A
thin consumable solid wire electrode is continuously fed by a feeding mechanism
from a wire spool through a flexible conduit to the contact tube of the welding
torch. The contact tube is linked to the positive polarity of a DC power source.
When the wire passes through the contact tube, welding current is transmitted
to the wire electrode where the contact is made. The negative polarity of the
power source is connected to the workpiece to be welded. Shielding gas is supplied
from a gas cylinder through a flexible tube to the gas nozzle of the welding torch.
GMA welding process can be operated in a number of modes. In manual mode
the welding operation is performed by a welder. In robotic mode the welding is
operated by an industrial robot.

When GMA welding was first developed in the 1940's, it was considered to be
fundamentally a high current density, small diameter, solid metal electrode process
using an inert gas for arc shielding and its primary application was for welding
aluminium alloys [58]. This new arc welding process was referred to as MIG2

welding. Over the years, this method has been greatly improved. The important
developments include the use of low current densities and pulsed direct current,
application to a broader range of materials and the use of active gases or gas
mixtures. Owing to the use of active gases and gas mixtures, the term GMA
welding is used for the process. MAG3 welding is also used to designate GMA

' G u Metal Arc
1 Metal Inert G a»
'Metal Active G M
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16 CHAPTER 2. GAS METAL ARC WELDING

wire spool wire feeder

power
source

shielding
gas

wire
electrode

workpiece

shielding
gas supply

welding
torch

gas nozzle

contact tube

weld metal

Figure 2-1. The illustration of the basic parts of GMA welding process.
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welding using an active shielding gas.

GMA welding is a highly productive welding method. All commercially impor-
tant metals such as carbon steel, stainless steel, aluminium and copper can be
welded with this process in all positions by choosing appropriate shielding gas,
wire electrode and welding parameters [58].

2.2 Control of Metal Transfer

In TIG4 welding, the electrode is not a consumable. This makes it relatively easy
to control the characteristics of the welding process. A stable TIG welding process
can be achieved over a wide range of current.

In GMA welding the electrode is a consumable. It is melted, transferred to the
weld pool and forms a part of the weld metal. The metal transfer significantly
influences the process stability. In order to obtain a stable GMA welding process
with minimum metal spatter, the metal transfer must be controlled.

2.2.1 Steady DC Spray Metal Transfer

When GMA welding was first developed, it was operated with a steady DC current
of high magnitude and with a long arc length for welding aluminium in argon
atmosphere. Under this condition, the metal transfer is satisfactory; the process
is stable and free of metal spatter. The weld bead produced is characterized by a
smooth and regular surface appearance. The filler wire is transferred in a so-calied
spray transfer mode [55].

In spray metal transfer, the metal is transferred as a series of discrete fine drop ts
projected from the wire tip. The droplets, that have a diameter less than or equal
to the wire diameter, fly across the arc gap to the weld pool in a direction that is
a continuity of the axis of the wire.

This stable metal transfer can, however, only be obtained at a high current density
and in pure argon or argon-rich gas mixtures. When a low current density is used,
or other shielding gases are used, the transfer is globular: the metal transfer
consists of coarse droplets detached at low frequency. Globular metal transfer is
normally associated with metal spatter, irregular weld bead and fusion defects.

The influence of welding current on metal transfer behaviour in welding steel is
illustrated in figure 2-2. At low current density droplets grow coarse before the
detachment from the wire tip. Their diameters are larger than the diameter of the
wire electrode. This type of transfer is referred to as globular transfer. When the

4l\ing«ten Inert G«f



18 CHAPTER 2. GAS METAL ARC WELDING

b. c. d. in e.

o

Figure 2-2. Successive modes of metal transfer in GMA welding of steel with
increasing current from left to nght[^lj.

current density reaches a certain value, the droplet size decreases abruptly and
correspondingly, the transfer rate increases suddenly, figure 2-3 and thereby the
globular transfer is changed to spray transfer. Above this critical current, a conical
point is formed at the end of the wire and droplets that become detached from the
tip of the cone are more or less spherical in form, figure 2-2c. At higher current,
the conical point is suddenly changed to a relatively long cylinder of liquid metal
from the end of which a stream of fine droplets are projected, figure 2-2d. At even
higher current the cylinder transforms into a rotating spiral, figure 2-2e.

Globular metal transfer is generally unusable: it is normally associated with un-
even weld bead, fusion defects and metal spatter. Rotating transfer can be used
to deposit filler wire at high rate if it is properly controlled. Spray metal transfer
is desirable for welding applications.

The mechanism of metal transfer is not very well understood in detail. However,
the main forces detaching the droplets are generally believed to be [41]:

• Electromagnetic force.

• Drag force due to the flow of gas around the droplet.

• Gravity of the droplet mass.

In spray metal transfer it is generally believed that the electromagnetic force in-
duced by the welding current is the main force to neck and detach the droplet,
while in globular transfer the gravity of the droplet is the main detaching force.

Instability theory has been suggested in order to better understand the mechanism
of metal transfer in GMA welding, where the physics of metal transfer is thought
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to be analogous to that of water dripping or flowing from an orifice, except that
the driving force for the flow is primarily electromagnetic rather than gravitational
(7, 8, 40, 41].

The welding current not only influences the behaviour of metal transfer, but it also
has a significant influence on the melting rate of the consumable wire. According
to [26] the wire is mainly melted by the arc anode heating and the electrical
resistance heating over the wire extension. The melting rate or burn-off rate, Wm,
can be expressed as:

(2.1)

where / — welding current [A]
— wire extension [mm]
— arc anode heating coefficient [mm s"1 A"1]
— electrical resistance heating coefficient [s"1 A"2]

To maintain a constant arc length during welding operation, the wire feed rate
must match its melting rate. In other words, to obtain a high current magnitude,
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a high wire feed rate must be used. Spray metal transfer is thus characterized by
not only high welding current but also by a high deposition rate of the filler wire.

However, owing to the high deposition rate of spray metal transfer and high current
magnitude, a large weld pool is produced. This limits the application of this
technique. Steady DC spray metal transfer is normally limited for welding thick
materials in flat welding position, due to the difficulties of controlling a large weld
pool in other positions.

Transition Current

The current at which globular transfer disappears and spray transfer starts is called
(globular-to-spray) transition current. The transition current is influenced by a
number of factors such as electrode composition, electrode diameter, wire extension
and shielding gas composition. The transition currents for various wire electrodes,
wire diameters and shielding gases are shown in Table 2-1. The transition current
decreases with a decrease in the wire diameter. An increase in the wire extension
also results in a slight decrease in the transition current.

Table 2-1. Transition Current [58].
Wire electrode
type

Mild steel
Mild steel

Mild steel

Mild steel

Stainless steel

Stainless steel

Stainless steel

Aluminium

Aluminium

Aluminium

Wire electrode
diameter [mm]

0.76
0.89
1.14
1.59
0.89
1.14
1.59
0.76
1.14

1.59

Shielding gas

98% Argon-2% oxygen

98% Argon-2% oxygen

98% Argon-2% oxygen

98% Argon-2% oxygen

99% Argon-1% oxygen

99% Argon-1% oxygen

99% Argon-1% oxygen

Argon

Argon

Argon

Transition
current [A]

150
165
220
275
170
225
285
95
135
180

The composition of shielding gas has a significant effect on the metal transfer.
Spray metal transfer can only be obtained with pure argon or argon-rich gas mix-
tures as shielding gas. For example, in Ar/CC>2 gas mixtures, 75-80% or more
argon is normally required in order to ensure spray metal transfer. In pure CO2,
no transition from globular to spray metal transfer occurs. The metal transfer
remains repelled globular transfer, regardless of the magnitude of welding current
[29]. The droplet is large and irregular in form and detaches in an upward or side-
ways direction, causing excessive metal spatter. To obtain efficient metal transfer
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and a stable process with CO2, it is necessary to use short-circuiting metal transfer
technique.

2.2.2 Pulse Controlled Spray Metal Transfer

In steady DC GMA welding, the desirable axial spray metal transfer is only
achieved at a high current magnitude, Table 2-1. Steady DC spray metal transfer
technique is associated with large heat input and large weld pool. This condit;on
is obviously not desirable in e.g. welding thin plates or in positional welding. One
way to solve this problem is to pulse the welding current.

i
o

Tp Tb
transition
current

l-Z.

time 1 2 3 4 5

Figure 2-4. Square- Waveform Pulse Controlled Spray Metal Transfer.

As discussed in section 2.2.1, in spray metal transfer the main force to detach the
metal droplet is the electromagnetic force induced by the welding current. The
magnitude of this force is hence proportional to the square of the current [71].
Therefore, an increase of current will promote the metal transfer from the wire
to the weld pool. If the current is alternatively increased (above the transition
current) and decreased, figure 2-4, a strong electromagnetic force will therefore be
developed during the peak current duration to detach the molten droplet, while
the average current and the wire melting speed (or wire feed speed) are still low
[55, 56].

This technique was first developed by Needham [55, 56] in welding aluminium. The
technique makes it possible to obtain an axial spray metal transfer at a low average
current, or low wire feed rate. Furthermore, by choosing appropriate current pulse
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parameters, the metal transfer can be synchronised to the frequency of the current
pulse.

A serious short-coming of this technique was the difficulty in choosing the four
pulse parameters for a stable welding operation. It was a very time-consuming
process to select the four pulse parameters by trials. The break-through of the
application of this technique in industrial applications did not come until the
synergic control concept was developed in the middle of 1970's [12].

Synergic Control

In the synergic control system, the current pulse parameters are automatically
generated by an electronic control unit or a computer system for a given wire
feed rate, based on predetermined parametric relationships. The parametric rela-
tionships relate the four pulse parameters to wire feed rate for a stable welding
operation. A square waveform of current is normally desired since with this wave-
form the amplitude of the current can be exactly controlled, allowing the accurate
prediction of wire melting rate. Figure 2-5 shows two examples of synergic control.

Figure 2-5. Synergic control: a) Variable current pulse frequency at constant
pulse duration; b) Variable pulse duration at constant pulse frequency [79].

To obtain a stable pulsed current welding process there are three essential criteria
that must be satisfied [10, 11]:
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1. Burn-off Criterion: The wire feed rate must be matched by the burn-oiT rate
of the wire to keep a constant arc length.

2. Metal Transfer Criterion: The metal must be transferred in a spray mode
and controlled by the current pulse.

3. Arc Stability Criterion: The welding arc must be stable during the back-
ground current duration.

Wire Burn-off Criterion

According to equation 2.1, when a square waveform current is applied, the wire
burn-off rate can be expressed as:

Wm = F[(CJP + C2U
2

P)TP + (Cih + C2UftTb) (2.2)

or

Wm = Cj + C3l.(I*T, + llTh)IT (2.3)

where Ip — peak current [A]
h — background current [A]
Tp — peak current duration [s]
7* — background current duration [s]
/ — mean current, 7 = (TPIP + T»/»)F [A]
T — current pulse cycle time, T = TP + Tt [s]
F — current pulse frequency, F = \/T [Hz]

In order to satisfy the first criterion the following equation must be satisfied:

W, = Cj + CMlfr + llT>)/T (2.4)

where Wj is wire feed rate [mm/a).

From the above equation it can be seen that there is a complicated relationship
between the wire feed rate and the parameters of the current pulse. The wire feed
rate is not only influenced by the average current, but also by the shape of the
current pulses. Furthermore, the influences of the pulse parameters on the burn-off
rate are not linear. This implies great difficulties involved in calculating the four
pulse parameters for a given wire feed rate in order to maintain a constant arc
length.
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Suppose that the metal transfer is synchronised to the peak current and the volume
of material transferred during each pulse cycle is identical, then we obtain:

J; (2.5)

where S — wire cross area [mm2]
v — droplet volume transferred during one pulse [mm3]

Combining equations 2.4 and 2.5, we obtain:

Wj = Cj + Cile(I^Tp + ilT^Wjdu-1 (2.6)

i.e.

.

If IJTP > 7?7» and v,lt,I*Tp are held constant, then the wire feed rate can be
expressed as a linear function as the average current [74]:

Wj = m • 7 (2.8)

where

From the above equation, it can be seen that an approximate linear relationship
between the wire feed rate and the average current can exist, but only under well
defined conditions. In practice, in order to simplify the determination of the pulse
parameters, an approximate linear relationship between wire feed rate and average
current is often used over the entire wire feed rate range [10, 11]. This may be
one of the main reasons that some of the existing synergic control systems do not
perform equally well over the entire working range.

Metal Tranrfer Criterion

In pulsed current welding, the metal transfer is governed by the peak current
condition, i.e. peak current and its duration [9]. The time that is needed to
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detach a droplet is inversely proportional to the magnitude of the peak current
[49, 52]. If the peak current is not sufficient, one droplet detachment per cycle
will not be realized. However, when the peak current duration is excessive, several
droplets will be detached in one single pulse cycle, figure 2-6.
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Figure 2-6. Effect of peak current duration on metal iransfer[9j.

According to [49, 50], the first droplet transfer is in the droplet spray mode, figure
2-2(c), while the subsequent transfers in the same pulse cycle are in the streaming
spray mode, figure 2-2(d). Furthermore, in droplet spray mode, the droplets are
more regular in shape and a smaller amount of fumes result than in streaming
spray mode. Therefore, one droplet transfer per pulse is normally desired for
pulsed GMA welding [49].

According to [8, 9, 10, 11, 74], there is an inherent relationship between the peak
current (Ip) and peak current duration time (Tp) and the criterion for one droplet
transfer/pulse can be expressed as:

If • Tp - constant (2.10)

where n can be determined experimentally and is between about 1.5-2.5 [8, 9].
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When the above equation can be satisfied, one droplet transfer per pulse will be
realized.

With the above knowledge, the characteristics of the synergic control techniques
of figure 2-5 can be predicted. With technique A, several pulses per droplet may
occur at low wire feed rate, since the peak current decreases with decreased wire
feed rate. With the control technique B, several droplets per pulse will occur at
high wire feed rate, since the wire feed rate increases, both peak current and peak
current duration increase.

Arc Stability Criterion

During the background current, the welding arc should not wander randomly over
the workpiece. The arc stability during the background current duration is deter-
mined by the magnitude of the background current [10, 11]. To obtain a stable
arc during background current period, the background current, h, must be larger
than a critical magnitude:

h>C (2.11)

where C is the limiting background current for a stable arcing.

The figure of C is different for different wire materials. However, a background of
15 A will give satisfactory arc stability for most materials [lCj.
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2.2.3 Short-Circuiting Metal Transfer

Short-circuiting metal transfer is also called dip transfer. The welding process
where short-circuiting metal transfer technique is used is normally referred to as
short-arc welding process. This technique was developed during the 1950's with the
introduction of carbon dioxide (CO2) as a shielding gas in arc welding. With this
gas, it is not possible to obtain spray metal transfer. The metal transfer remains
repelled globular transfer regardless of the magnitude of the welding current. To
obtain a stable process, metal transfer by discrete droplets must be avoided.

If a low welding voltage is applied, a short arc length is achieved. Under this
condition, intermittent short-circuitings will occur between the wire tip and weld
pool. On contact between the wire tip and weld pool, the liquid metal starts to
flow from the wire tip to the weld pool under the action of the surface tension.
At the same time, the current starts to rise rapidly, figure 2-7, continuing to melt
the wire tip, thereby preventing the solid wire from entering the pool. When the
molten bridge between the wire and the pool is finally separated, a gap is formed
and an arc is reignited between the wire tip and the weld pool.

A stable short-arc welding process is achieved with low current or wire feed rate
and since the arc is intermittently extinguished, a small heat input to the workpiece
and a small weld pool are achieved. This feature makes this process very effective
in welding thin plates and for welding in all positions.

Effect of Welding Variables

The most important welding parameters affecting the stability of a short-circuiting
process are wire feed speed, welding voltage and the rate of current increase during
the short-circuiting period. To obtain a stable short-arc welding process, the
relationship between the above three parameters must be optimised and controlled
[75].

The voltage has a significant effect on process stability. If the voltage is insufficient,
the process is unstable, creating a great amount of metal spatter. The main cause
of this instability can be explained as follows: In short-arc welding, the duration
of arcing period increases with increased welding voltage. When the voltage is
insufficient, the arcing period is too short to completely melt the wire tip. When
an inadequately melted wire tip enters the pool, extra time is needed in order to
sufficiently melt the tip so that it can be transferred into the pool. As a result, the
short-circuiting period is excessively prolonged, resulting in a higher peak current
which destroys the molten bridge between the wire and the pool. Furthermore,
the wire is also melted over a longer length. When the bridge is destroyed by a
strong force, i.e. large current, excessive metal spatter results and the weld pocl
is greatly disturbed, resulting in bad surface appearance of the weld. If the gap
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ZERO

Figure 2-7. A short-circuiting metal transfer [58].

between the wire tip and the pool is excessive, the arc can not be reignited.

By increasing the voltage, the arcing period is increased and thereby the metal
transfer is improved. Less metal spatter results and the appearance of the weld
bead improves. However, if the voltage is excessive, the process will also become
unstable, characterised by irregular transfer of large droplets.

Furthermore, to obtain a stable process with minimum metal spatter and a satis-
factory weld bead, the rate of current increase during the short-circuiting period
must be optimised. An unsuitable rate of current increase results in excessive
metal spatter.

The influence of the rate of current increase on the transfer stability has been
studied [61, 64]. During the short-circuiting period the wire is melted by the
electrical resistance heating in the wire extension. The wire melting rate is hence
a function of the current. The rate of current increase mainly determines the
melting rate of the wire. When the rate of current increase is insufficient, i.e.
the current rises slowly, the wire tip is not melted rapidly. As a result, the solid
wire enters the weld pool. Heating of the electrode tip proceeds comparatively
slowly and covers a great length of the wire. When the bridge of molten metal
is destroyed, a great amount of metal spatter results and a large gap is formed
between the wire tip and the v/eld pool. If the gap is excessive, an arc can not be
reignited.
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In the case of rapid current increase, another mechanism may occur. At the
moment when the droplet touches the weld pool the current increases to a great
value and thus a strong compressive electromagnetic force of the current (pinch
effect) acts instantly. The bridge between the weld pool and the electrode is
compressed. This force prevents the transfer of the droplet into the pool. When
the bridge is finally destroyed, a large amount of metal spatter results.

However, if the magnitude of the current can be controlled below a certain figure,
the above phenomenon will not occur [36].

Effect of Peak Current

The current, at the moment that the molten bridge is broken-down between the
wire and the weld pool, has a significant effect on the generation of metal spatter.
The break-down of the bridge is the main source of metal spatter. This current is
referred to here as peak current.

There are two main theories about the mechanism of the break-down of the molten
metal bridge. The first theory is that the molten metal bridge is broken-down by
the electromagnetic force induced by the peak current [58, 90] and the other is
that the molten bridge is destroyed by an electrical explosion [96, 97].

According to the first theory, owing to the current flowing through the molten
bridge, an electromagnetic force is produced. This force is directed towards the
wire axis and is proportional to the square of the current. When the cross section
of the bridge varies, a pressure gradient results, directing from the smaller section
to the larger one. The effect of this force is thus to separate the wire from the
weld pool. Another effect of this force is to vibrate the weld pool and the wire tip.
As a consequence, metal spatter results.

According to the second theory, the molten metal bridge is destroyed by an elec-
trical explosion The electrical explosion generates two shock waves. One shock
wave is generated at the moment when the products of the explosion are expelled
and the other when an arc discharge develops. The two shock waves expel metal
from both molten weld pool and the molten wire tip in the form of metal spatter.
They also set pressure on the weld pool, vibrating the pool. The explosive force
is proportional to the peak current.

According to both theories, the magnitude of the peak current has a significant
effect on the metal spattering. In order to decrease metal spattering and to stabilise
the weld pool, the current at the moment of molten bridge break-down must be
controlled.

Pinchuk [63] constructed a device that reduces the current just before the break-
down of the molten bridge, figure 2-8, and found that the amount of metal spatter
was significantly reduced in this way, by almost 50%.
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According to [61], the short-circuiting metal transfer consists of four principal
phases:

1. The wire tip meets the weld pool.

2. Flow of metal from the wire tip to the pool.

3. Formation of a neck between the wire and the pool.

4. Completion of the transfer by the break-down of the bridge.

The reduction of the cross section of the bridge can be approximately expressed
as [97]:

d\0-kti (2.12)

where db — diameter of the metal bridge [mm]
dw — initial diameter of the bridge when necking starts [mm]
t — time [s]
k — constant [mm s"2]

Since the resistance of the wire is influenced by the cross area of the metal bridge,
the reduction of the molten bridge cross section is hence reflected on an increase
in the wire resistance or the voltage drop over the wire extension. Once a necking
starts, i.e. the cross section of the bridge decreases, the rate of reduction increases
with the time, equation 2.12. Therefore, it is possible to detect a necking process
by measuring the voltage drop between the contact tube and the workpiece. A
threshold value AV, figure 2-8, can be statistically defined for carrying out current
reduction [51, 59, 63], The reduction of current is carried out when the variable
component of the voltage reaches AV. As a result, the current is reduced to a
predetermined low value. When an arc is reignited, the voltage increases abruptly,
which serves as a signal to end the current reduction.

A similar approach was also made by Maruyama and Ogasawara [51, 59]. They
used a modern computer controlled inverter power source, which has an excellent
controllability of the output.

Effect of Short-Circuiting Duration

The duration of short-circuitings also influences metal spatter generation. Short
circuitings that last 1 ms and longer are normally accompanied by the flow of
metal from the wire tip to the weld pool [63]. However, during short-circuitings
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Figure 2-8. Current reduction at the end of short-circuiting [68].

lasting less than lms, microbridges form in the initial stage between the molten
droplet surface and the pool. These microbridges are unstable and rapidly rupture
under the effect of the electromagnetic force, preventing the joining of the droplet
with the pool and causing metal ejection from the molten droplet. During these
short-term short-circuitings, little metal is transferred from the wire tip to the
pool [63].

To stabilise the metal transfer and to reduce metal spattering, it is necessary to
eliminate short-term short-circuitings. In order to do this, the initial current must
be controlled to reduce the electromagnetic force. Pinchuk [63] constructed a
device to reduce these bhort-term short-circuitings by reducing the initial current.
When the droplet contacts the pool, the voltage drops and the current reduction
starts. Consequently, the current through the bridge is reduced to a low preselected
value, figure 2-9. After a certain time period, the welding current returns to
the initial value and the subsequent course of disruption of the bridge was found
to be identical in the long-term short-circuitings. In this way short-term short-
circuitings were almost eliminated and spattering was also reduced. However, the
decrease of metal spatter was not so significant, only about 4%.

Other Effects

The other factors that can affect process stability are :

• Large droplet transfer:

If a large droplet is formed during the arcing period the arc becomes unstable
and randomly wanders on the droplet surface [64]. According to [85], to
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Figure 2-9. Current commutation at the start of short-circuiting [63].

ensure a stable short-circuiting process the droplet size should not exceed
the diameter of the wire.

During the arcing period, the wire is melted and a droplet is formed. The
melting rate of the wire is determined by the welding current and wire ex-
tension, equation 2.1. Therefore, by controlling the current, the growth and
the size of a droplet can be controlled. Mita [53] designed a control unit for
this purpose. In his control strategy, if an arcing time has passed a certain
(prespecified) time the current is reduced to a preset low value. The wire
melting speed is thus reduced and so is the growth of the droplet.

> Gas evolution in the droplet or weld pool:

Metal spatter results when gas ejects from a molten droplet or weld pool. Gas
evolution in the droplet or weld pool can be eliminated or reduced by using
a clean wire electrode, clean joint surface, sufficient deoxidizing elements in
the wire and low voltage [64].

2.3 Welding Equipment

A GMA welding system consists of the following main parts:

• Power source: to provide and control the electric energy to the welding arc.

• Win feeding system: to feed the consumable wire electrode into the arc.
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• Shielding gas feeding system: to provide shielding gas to protect the weld
pool, the welding arc and the molten wire tip from the contamination by the
surrounding atmosphere and to provide ionization gas for the arc.

• Welding manipulator: to manipulate the welding torch. In manual welding,
the torch is manipulated by the human welder, while in robotic welding, it
is manipulated by an industrial robot.

• Fixtures and positioner: to fix the welding objects and properly position
them.

In the following sections the first three parts are discussed in some detail with
respect to the controlled welding process. The influence of the other parts on the
weld quality is discussed in chapter 3.

2.3.1 Power Source

The characteristics of a power source have a profound influence on welding proper-
ties. A power source is normally described by static and dynamic characteristics.
The static characteristic describes the relationship between output voltage and
current under steady state condition. The dynamic characteristic describes in-
stantaneous variations of voltage and current that occur during a very short time,
e.g. only a few milliseconds.

GMA welding arcs are characterized by continuously changing conditions. Tran-
sients occur during arc ignition, metal transfer and arc extinction. These transients
can appear and disappear in a very short time interval, such as 1 ms. This time
interval is too short for the static characteristics of the welding power supply to
react. It is the dynamic characteristic that responds to such transients [58].

In arc welding there are two main types of power sources classified according to
static characteristics. One is constant-voltage and the other is constant-current
power source. A constant-voltage power source has means for adjusting the output
voltage, where the arc current, at a given welding voltage, is responsive to the rate
at which a consumable electrode is fed into arc. The static volt-ampere curve
of such a power source tends to produce a relatively constant output voltage.
Constant-voltage power sources are normally used for steady DC spray metal
transfer and short-circuiting metal transfer. The power source has a so-called
ability of self-adjustment of arc length.

In contrast, a constant-current power source has means for adjusting the arc cur-
rent, but makes the output voltage, at a given welding current, responsive to the
wire feed rate. Its statistic volt-ampere curve tends to produce a relatively con-
stant output current. This type of power source has no ability of self-adjusting
arc length. To control the arc length or voltage, an external feed-back control of
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arc voltage must be established. This type of power source is used in TIG welding
and in pulsed GMA welding.

In a modern welding power source, the static and dynamic characteristics of a
power source are controlled by a control unit. Figure 2-10 shows the design concept
for modern power sources, where the power unit has only one task; to supply the
process with sufficient current and voltage. The main trend in the development of
welding power sources over the last decades has been to achieve fast controllable
response by the use of electronics so that efficient current and voltage control can
be implemented in the power sources.
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Figure 2-10. The modern design concept of power source (a) and the principle
of inverter power source (b).

The control unit is designed by means of analogue electronic components or a
micro-computer with auxiliaries [16). If a computer is used, software is needed. A
computer-controlled power source has a number of advantages, such as increased
flexibility, monitoring and control capability and integration with other systems
in the manufacturing process. In the future, more and more computer controlled
power sources are expected.

Modern power units can be divided into five major groups according to different
techniques used [83]:

• Silicon controlled rectifier (SCR) phase control.
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• Transistor series regulator.

• Secondary choppers.

• Primary rectifier + inverter.

• Hybrid circuits.

The comparison of their general characteristics is shown in table 2-2. The main-
stream of arc welding power sources is inverter power source, where the mains
voltage is first rectified to DC and then converted back to AC of very high fre-
quency up to 100 KHz, figure 2-10. The inverter power source has the advantages
of high electrical efficiency, small size and low cost over other power sources.

The design of the control units is critical for welding properties of the power source.
It requires that the designer has a good welding knowledge. In section 2.2, it has
been discussed how a stable process can be achieved by controlling the welding
current and voltage. This knowledge is essential for designing a power source that
works satisfactorily. Beside the control of metal transfer, the design of a power
source for robotic arc welding must also consider the following characteristics:

• Reliability.

• Accuracy and repro ducibility.

• Proper arc start and termination.

• Insensitivity to disturbances.

• Instrumentation.

• Self-diagnosis.

• Versatility.

• Communication.

Robotic arc welding is characterised by a very high arcing factor. The welding
equipment used must be extremely reliable. To maintain a stable welding process,
the output of a power source must be accurate and reproducible. Furthermore,
the process should be insensitive to disturbances, e.g. wire fluctuation, voltage
variation in the network. A spatter-free and reliable arc ignition is required. The
arc should be terminated properly to prevent a large droplet remaining on the wire
tip, which deteriorates the conditions for a proper arc ignition.

The interaction between the power source and operator is through the instrumenta-
tion. Operators set up the welding parameters and read the information displayed
on the instruments. The instruments must display accurate output information.
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Table 2-2. Comparison of power sources [83].

Type

SCR phase control

Transistor series regulator
Secondary chopper

Primary rectifier inverter

Feature

a
4
1
4
5

b
2
2
3
5

c
3
1
3
4

d
3
5
5
5

e
3
5
4
4

f
3
5
5
5

g
3
5
5
5

h
4
3
3
3

a — electrical efficiency.
b — size.
c — cost.
d — repeatability.
e — response rate.
f — suitability for controlled metal transfer.
g — suitability for automation.

h — robustness.
scale: 1 (poor) — 5 (good)

Good = high electrical efficiency, small size, low cost,
good repeatability, high response rate, suitable for
controlled metal transfer and automation, robust.

Digital display is desirable. Self-diagnosis is important for quickly finding errors
in the equipment so that correct measures can be taken without causing the loss
of valuable production time.

Owing to the flexible nature of a robotic welding system, the power source is
required to be able to weld different materials with various metal transfer modes
and with various wire diameters, shielding gases and current ranges. Furthermore,
it should be possible to integrate it with a robot or a CAD/CAM system, so that
the programming of welding parameters and the control of the process can be
made through the robot control system or the computer.

2.3.2 Wire Feeding System

The rate at which the wire electrode is fed into a welding arc must be precisely
controlled with respect to arc stability. Fluctuation of wire feed rate can disturb
a welding process. The arc stability is sensitive to variations in wire feed rate,
particularly when short-circuiting metal transfer technique is used.

A common wire feeding system is the so-called push wire feeder, figure 2-11. The
wire is fed by a pair of rollers driven by an electric motor, through a flexible
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Figure 2-11. The illustration of a push wtre feeding system.

conduit to a contact tube. The push force, Fp, generated between the rollers is:

Ff = nPSe (2.13)

The maximum push force, Fpmar, is thus

Fpmat = n<rtSc (2.14)

where p. — friction coefficient
P — pressure on the roller [N/mm2]
Se — contact area [mm2]
a, — elastic strength of the wire [N/mm2]

To push the wire forward the push force must overcome the friction in the system.
When the push force can not overcome the friction, wire feed is interrupted and so
is the welding process. The friction is dependent upon a number of factors. The
important ones are:

• Wire conduit — material, length, inner diameter and bends.

• Welding torch — straight or curvature.

• Accumulation of debris from the wire, caused by e.g. poor alignment between
the rollers and inlet guide to the conduit, damaged roller, excessive pressure
on the rollers, burrs and shape edges within the conduit liner [48).
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• Wire surface condition - copper adherence and lubrication [48].

• Contact tube surface condition — wear and spatter collection on the tube.

The length of and bends in the wire conduit have a great effect on the friction. The
friction increases with the length of the wire conduit and with increased number
of bends. To decrease the friction, the wire feeding device must be installed as
close to the welding torch as possible so as to reduce the length and the number
of bends.

Since the contact between the wire and the rollers is a point-contact, i.e a very
small contact area, the push force is small. Where a large push force is required, a
planetary wire feeding system is needed, where the wire is fed by two rollers with
hyperbolic profile rotating around the wire, generating a much greater push force
due to a larger contact area [70].

The function of the wire conduit is to guide the wire from the feeding rollers to
the contact tube. It is desirable that the diameter of the conduit should be as
small as possible. A large diameter can cause fluctuation of wire feed rate, i.e
the difference between the velocity of the wire to and from the wire conduit. It
is obvious that the friction increases with the decreased diameter of the conduit.
Therefore, in practice, the diameter of the wire conduit is always larger than the
wire diameter. This is the reason why the fluctuation of wire feed rate is inherent
to this type of wire feeder, figure 2-12.

The length between the contact tube and the feeding rollers is determined by the
length of the cable of the welding torch. This means that in order to fulfil the
function, the length of the wire conduit must not be shorter than the distance
from the feeding rollers to the contact tube. Insufficient length of the conduit will
cause excessive wire fluctuation.

To improve the wire feed stability, a push-pull feeding system, figure 2-13, is
desirable. The two feeding devices are synchronized, so that no wire fluctuation is
in principle allowed to occur.

The third problem is wire deviation, figure 2-14. Wire deviation is caused by the
wire not being straight. Wire deviation increases with wire curvature. The inner
bore diameter and the wear of the contact tube, as well as wire extension also
influence the deviation. The design of a welding torch is another factor affecting
wire deviation since it also influences the curvature of the wire.

Increased wire extension increases the deviation. A short wire extension is there-
fore desirable in robotic welding. To eliminate wire deviation, a straight wire
should be used. However, this may cause another problem. It may make it diffi-
cult to obtain a consistent contact between the wire and the contact tube that has
a straight cylindrical-hole. A stable welding process requires a consistent contact
between the wire and contact tube. According to Yamada [95], with a curved wire
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Figure 2-14. Wire deviation (0) as a function of wire extension (le) and radius
of wire spool (r) [78].

and a contact tube having cylindrical-hole in it, the contact is made at the end of
the tube. Owing to this consistent conduct, the contact tube is more rapidly worn
at the end than at the any other part of the tube. It is, therefore, important to
regularly replace the contact tube in production in order to avoid an excessively
worn contact tube.

2.3.3 Shielding Gas Feeding System

The molten weld pool, the arc and the molten wire tip must be well protected from
the surrounding atmosphere. This requires that the shielding gas must completely
cover the above three parts and the flow pattern of the shielding gas must be
laminar.

The coverage afforded by a stream of given shielding gas is affected 1/ the nozzle
diameter and the work-to-gas nozzle distance, as well as gas velocity, figure 2-15.
For maximum coverage the shielding gas must also come from the nozzle in a
non-turbulent pattern.

Flow within a tube can be described by the relationship [30]:

R = Dv,p/fi

where R — Reynolds number

(2.15)
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Figure 2-15. Shielding gas coverage in GMA welding [60].

D — diameter of gas-nozzle [mm]
p — gas density [kg mm"3]
\i — viscosity of the shielding gas peg s"1 mm"1]
v, — velocity of gas flow [mm s"1]

A laminar flow is achieved most easily if the gas-nozzle has a smooth bore surface
and is long in proportion to its diameter. For a given nozzle diameter the coverage
of shielding gas is improved as the flow rate is increased up to the critical rate
where turbulence begins to occur [30]. However, If the gas flow rate is excessive,
turbulent flow will occur, which will cause air to enter the welding zone.

The gas nozzle-to-work distance should be at the minimum without the risk of
overheating and collecting spatter. The metal spatter build-up in a gas-nozzle dis-
turbs a laminar flow pattern. The torch angle is another factor affecting shielding
efficiency. The best gas shielding effect is ensured at normal position. The torch
inclination is normally permissible up to about 15°. With a larger inclination of
the welding torch there is a danger of air being drawn into the arc area by injector
effect [31].

In practice, the main cause of poor gas-shielding in robotic arc welding is the metal
spatter build-up inside a gas-nozzle. For robotic applications, measures must be
taken to prevent or reduce spatter build-up inside the gas-nozzle. The material of
the gas-nozzle has a significant effect on metal spatter build-up. Metal spatter can
relatively easily gather inside a copper gas-nozzle, particularly when the nozzle is
not cooled by water. When a copper gas-nozzle is used, a torch cleaner must also
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be used to clean the torch in order to remove the metal spatter build-up. To be
efficient, the shape of the cleaning header must be compatible with the shape of
the nozzle.

A gas-nozzle made of ceramics has an excellent ability to prevent spatter build-
up [90]. The reason is probably th? ceramic material has a very high melting
temperature so that metal spatter can not melt its surface. However, copper has a
relatively low melting temperature. As a result, metal spatter containing sufficient
heat can melt the surface of the nozzle and adhere. In other words, metal spatter
build-up can be reduced or eliminated if the material of the inner side of a gas-
nozzle has no liquid form or has a high melting temperature.



3 A Model for Quality
Assurance for Robotic Arc
Welding

3.1 The Nature of Weld Quality

The importance of quality as a competitive factor is increasing world wide. An
important reason for the great success of Japanese industries is that quality plays
a strategical role for the company top management [14, 37]. ISO1 defines quality
as[l]

The totality of features and characteristics of a product or service that
bear on its ability to satisfy stated or implied needs.

According to this definition, quality is not determined by an engineer, but by a
customer. Quality is based upon the customer's actual experience with the product
or service, measured against his or her stated or implied requirements [22].

A complete identification of customer's requirements on a product is a fundamen-
tal starting point for designing the product. The customer's needs or requirements
may include aspects of safety, reliability, maintenance ability. Quality consider-
ations may also include other characteristics such as durability and availability.
In a contractual environment, needs should be clearly specified, whereas in other
environments, implied needs should be identified and defined by market research
[1]. After the identification, the needs are translated into features and character-
istics with specified criteria during the design phase. Quality is a relative term
and to have higher quality than what is needed for the application is not only
unnecessary, it is often costly [19].

1 International Organization for Standardization

43
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Weld quality is influenced by many stages of interactive activities. The important
stages are design, manufacturing, operation and maintenance. For a weld to fulfil
its intended service or functions for the required life, it must be [19]:

• Adequately designed to meet the intended service for the required life.

• Manufactured with specified materials and in accordance with the design
specifications.

• Operated and maintained properly.

The verification of weld quality is in practice made with non-destructive examina-
tions. All deviations need to be evaluated. Defective welds are sometimes repaired
so that the quality is brought up to acceptance standards. Many standards re-
lating to weld quality do not govern product usage and leave maintenance of the
welded product to the owner. It is the owner who must modify, amplify or impose
additional weld quality standards during maintenance activities to ensure that the
product continues to function properly [19].

. epending upon the different phases of quality activities during the product life
cycle, different terms of quality are often used, e.g. quality of design and quality
of manufacture [14]. Quality of design means that the product is designed to
satisfy the needs of the customer. Quality of manufacture means that the product
manufactured complies with the design specifications [6]. In this work, it is the
quality of manufacture that is discussed.

3.2 The Concept of Quality Assurance & Con-
trol

During the manufacturing activities, defective products must be prevented. The
occurrence of defective products will increase costs by a number of mechanisms
such as rework, reduced productivity, scrap and delayed product delivery [14]. It
can also have the negative effect on the confidence that the costumers have toward
the company. As a result, the competitive strength of the company is weakened
and the market share is reduced.

In order to prevent defective products and to satisfy the needs of the customer,
an industry must have an efficient quality management system, where quality
assurance and control are the key components. An important reference for the
development of quality system is the ISO 9000 series, which consists of the following
ISO standards:

• ISO 8402 Quality Vocabulary.
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• ISO 9000 Quality management and quality assurance standards — Guide-
lines for selection and use.

• ISO 9001 Quality systems — Model for quality assurance in design/development,
production, installation and service.

• ISO 9002 Quality systems — model for quality assurance in production and
installation.

• ISO 9003 Quality systems — model for quality assurance in final inspection
and use.

• ISO 9004 Quality management and quality system elements — Guidelines.

From 1992 it is required that an industry should have a quality system certified
according to ISO 9000 series in order to do business within EEC [67].

ISO defines quality assurance as [1]:

All those planned and systematic actions necessary to provide adequate
confidence that a product or service will satisfy given requirements for
quality.

and quality control as:

The operational techniques and activities that art used to fulfil require-
ments for quality.

Within an industry, quality assurance serves as a management tool, whereas qual-
ity control involves operational techniques and activities aimed at both monitoring
a process and at eliminating causes of unsatisfactory performance of manufacturing
activities in order to result in economic effectiveness [4].

3.3 Functions of Human Welders

In manufacturing, the term automation means that some or all functions or steps
in an operation are performed in sequence by mechanical or electronic means [19],
To properly automate or robotize gas-metal-arc welding, it is, therefore, necessary
to study what functions are required for a successful welding.

A starting point may be to study the functions of experienced and skilled welders.
The human welder has a key role in a manual welding manufacturing system.
The welder performs and controls welding operations. His skill, knowledge and
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experience greatly influence the quality. The functions of experienced and skilled
welders with regards to quality assurance are analysed in the following.

Function I: Analysing Product/Joint Design and Welding Procedure

When a welder receives a welding task, he starts by studying the product/joint
design specifications and the welding procedure (WP) so as to get an idea about
the quality requirements, base materials, welding conditions, etc. Based on his
experience and knowledge, he analyses the suitability of the design and the pro-
cedure. He may make some test runs to confirm his judgement. When he finds
the design or WP unsuitable or inadequate, he contacts and discusses the problem
with the design or procedure personnel in order to improve the design or welding
procedure so that the quality requirements can be more easily satisfied.

Function II: Implementing WP and Optimizing Process

A welding procedure is a specified course of actions to be followed in making a weld.
To ensure the quality, a welding procedure must be correctly implemented and
rigourously followed in production. An experienced welder can correctly interpret
and implement a welding procedure in production.

Based on his knowledge and experience as well as the procedure, the welder men-
tally conceives how the welding operation should be properly performed in order
to meet the quality requirements. He may realize what problems or troubles can
occur during welding and how they can be prevented or counteracted. In other
words, he constructs a strategy or a model for the welding task.

He sets up the welding equipment and welding consumables properly. Tests may be
needed on the machines to evaluate the performance capability of the equipment.
Damaged or worn parts are to be replaced. He jigs the objects properly in order
to obtain the optimal joint preparation. The purpose of the above actions is to
prevent, eliminate or reduce undesirable variations in the welding conditions that
may occur during welding operations.

The main welding parameters — welding voltage, wire feed speed (or current)
and welding speed — are normally specified within a certain range in a welding
procedure. He tests different combinations of these variables, and then chooses
the most suitable combination as operating parameters. He may also test different
torch orientations and positions, and chooses the most satisfactory ones. The
objective of these actions is to optimize the process so that the process is stable and
the weld quality is least sensitive to the variations in e.g. joint fit-up conditions.
Under this condition the process requires minimum control and the quality is most
easily ensured.

Function III: Skilfully Manipulating the Welding Arc

The quality is formed during the welding operation. The welder starts a welding
operation by locating the joint start point and ignites the welding arc there. Then
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he maintains the welding arc and moves or oscillates the torch along the joint path
smoothly, while keeping the correct torch orientation consistently in relation to the
joint to be welded. At the joint end he terminates the arc and a weld is made.

A good quality can be achieved in this way, if no undesirable changes in welding
conditions occur during the operation.

Function IV: Monitoring and Adaptively Controlling the Process

Undesirable variations of welding conditions may occur during welding. For in-
stance, excessive variation of joint fit-up may occur, owing to thermal distortion
of the workpiece. Wire feed rate may fluctuate due to the failure of the wire feed-
ing system. When the variations jeopardize the quality they can not be tolerated
and should be counteracted in real time. If the quality-jeopardizing variations can
not be counteracted in real time, the welding operation should be stopped and
necessary changes must be made in order to continue the welding.

In manual welding, the welder uses his five senses, with sight being the most
important, to detect variations in the process. The information obtained from the
senses is processed either consciously or unconsciously. Based on his experience
and knowledge, he evaluates the effect of the variations on the weld quality and
constructs counteracting measures so as to maintain the quality. When he finds
that it is possible to counteract the effect of the variations he executes it. When
he finds that a variation can jeopardize the quality but can not be counteracted
in real time, he stops the welding and makes the necessary changes.

A skilled and experienced welder can quickly identify an undesirable variation
of welding condition, correctly evaluate its effect and figure out the most proper
counteracting measures. For other welders, they may have difficulties in doing
so, thus jeopardizing the quality. It is, therefore, important that a skilled and
experienced welder should be employed for a qualified welding task.

Function V: Diagnosing Sources of Quality Disturbances

When a weld is made, the welder visually inspects the quality of the weld to verify if
it conforms to the quality requirements. If a defect results, the disturbing source(s)
must be quickly identified, removed so as to ensure the quality of subsequent welds.

With the information from this quality inspection and the information collected
during the welding operation, he diagnoses the cause(s) of the quality disturbances.
Correctness of his diagnosis is to a large extent dependent upon his knowledge
and experience. He may find that the quality disturbances are due to improper
performance of welding equipment. He may also find that the operating parameters
are not satisfactory. He may further discuss with the product/joint designer or
welding procedure personnel to improve the design or WP so that the quality can
more easily be ensured and the productivity can be further improved.

In some cases, visual inspection of a weld is not enough. Welds may need to
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be inspected by other non-destructive methods to evaluate their quality. The
information provided by this quality inspection should be fed back to the personnel
involved in design and production so as to improve their performance.

To conclude, there are five fundamental functions important for quality assurance:

• Prior to welding

- (I) Analysis of Product/Joint Design and Welding Procedure.

- (II) Correct Implementation of a Welding Procedure, Optimizing of the
Welding Process and Prevention of Quality Disturbing Sources.

• During welding

- (Ill) Skilful Manipulation of the Welding Arc.

- (IV) Monitoring and Adaptive Control of the Welding Process in Real
Time.

• After welding

- (V) Diagnosis of the Causes of Quality Disturbances.

3.4 A Typical Robotic Welding System

A robotic gas-metal-arc welding process is a GMA process where the welding
operation is executed by a robot. Figure 3-1 illustrates a typical robotic GMA
welding system. The welding operation is carried out by the robot and the system
is operated by an operator.

The knowledge and experience of an operator may vary from one welding station
to another, or from one industry to another. However, it can often be seen that
operators who have rather limited experience and knowledge about welding are
employed to run robotic welding stations. The training of the operators is mainly
in the field of robot programming.

The operator, alone or together with his supervisor, interprets and implements
a welding procedure in production. In some robotic welding stations, the only
required functions of an operator are to load welding objects into the fixture and
clamp them, to push a button telling the robot to start welding and then to unload
the objects when the welding is finished.

The welding robot performs the welding operations. The operating variables —
welding voltage, wire feed speed/current, welding speed, torch orientation and
position — are pre-programmed. The torch-cleaner is used to clean the gas-nozzle
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Figure 3-1. Main parts of a typical robotic GMA welding system.

After a weld is made, the operator unloads the workpiece and visually inspects it.
If a defective weld results, he may repair it.

We can now see that such a robotic welding system including the operator does
not possess the five essential functions of the human welders. In order to make
such a robotic welding system perform satisfactory, measures must be taken to
compensate the inadequacy of performing the QA functions of the welder.

3.5 Means to Ensure Weld Quality

The inadequacy in performing the QA functions must be compensated in some
way. Based on the discussions in the sections 3.3 and 3.4, the following actions are
suggested in order to improve the quality aspects for robotic arc welding systems
[92, 93]:

• Proper design of a product/joint.

• Adequate specification of a welding procedure and optimizing the welding
process.

• Correct implementation and control of the welding procedure.
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• Prevention or elimination of sources of quality problems.

• Monitoring the process in real time.

• Feed-back control of the process in real time.

• Diagnosis of causes of quality disturbances.

• Motivation and training of the operators.

3.5.1 Proper Design of Products/Joints

In industries, one can find that some product/joint designs are not efficient for
robotic welding applications. The design is sometimes done by a designer who
does not have very much welding knowledge and experience.

A good design should not only fully reflect the customer's needs, but it also makes
the manufacturing easier to fulfil the quality requirements, figure 3-2.

fully satisfying
th» cuitomtr'i
nttdt

Figure 3-2. An optimal design not only fully satisfies the costvmcrs' needs, but
also is easy to manufacture.

The important factors that a designer needs to consider include:

• Joint type and welding position.

• Joint preparation and tolerance.

• Accessibility of welding torch.

• Material surface characteristics.
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Different types of joints and welding positions are dissimilar to weld. A lap or
fillet joint is easier to weld than a butt joint, owing to the difficulties involved
in controlling weld penetration. Furthermore, a lap or fillet joint is generally less
sensitive to the misalignment between the welding arc and the joint.

Vertical or overhead welding position should be avoided, if possible, since the
control of the weld pool is more difficult at these positions than in a flat welding
position. With flat or horizontal welding positions, maximum welding speed is
normally achieved and the quality is more easily controlled. The achievement of
flat or horizontal welding positions is also, to a certain degree, dependent upon
the structure of the fixture and the positioner. Horizontal or flat welding positions
are more easily achieved when a robotic welding system is integrated with a servo-
contro!!°d multiaxis positioner.

The joint preparation (or joint fit-up) and its tolerance have a significant influence
on weld quality [43]. For robotic arc welding, a great consistency of the joint
preparation is required. Generally speaking, there are six main factors influencing
the variation of joint fit-up, figure 3-3.

thermal
distortion of
the plates

variation of
joint components

Figure 3-3. The main factors influencing the variation of joint preparation.

Before the welding process, the joint fit-up condition is mainly determined by the
variation of the individual components of the joint and the repeatability of the
fixture The tolerance of the individual components must be sufficiently specified
and controlled. Precision fixtures are desired for robotic arc welding. Furthermore,
the fixtures should be regularly maintained to prevent inaccurate jigging and to
compensate variations due to wear or other changes of the fixture.

During the welding process, the joint fit-up is influenced by the thermal distortion
of the base material. This influence can be minimized by the use of a proper



52 CHAPTER 3. A MODEL FOR QUALITY ASSURANCE FOR ROBOTIC ARC WELDING

fixture and by optimizing the welding sequences and the welding parameters. Tack
welding can be used to restrict the variation of the joint preparation.

To properly perform a welding operation, it is important to have a correct torch
position and orientation relative to the joint. Therefore, the design of a joint for
GMA welding must consider the accessibility of the welding torch. The robot's
arm is larger and less flexible than a human arm. If a seam-tracking device is used,
a rather large space around the joint is required.

The surface characteristics of the base material can significantly influence the
stability of the welding process. For example, zinc-coated plates are much more
difficult to weld. If possible, the zinc-coating process should be performed after
the welding process.

The product design is very crucial for the success of manufacturing [34, 84]. In
order to achieve an optimal design, it is highly desired that the design engineer
should closely collaborate with the customers and the production engineers, figure
3-4.

Figure 3-4. In order to achieve an optimal design the design engineer should
closely collaborate with both the customer and the production engineer.

3.5.2 Adequate Specification of a Welding Procedure and
Optimizing of the Welding Process

A welding procedure specifies required welding conditions for a specific application.
Before it is implemented in production, a welding procedure should be sufficiently
approved to verify that acceptable welds can be reproduced with the use of this
procedure. It is desirable that a large number of test runs are made for the verifi-
cation of a welding procedure. Every machine and process has inherent variations
[22]. This means that the output of a machine and a process changes randomly
without the change of the input. One example of the inherent variation is shown
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in figure 2-12, where the wire feed rate varies randomly. Figure 3-5 illustrates the
effect of a satisfactory and an unsatisfactory welding procedure on the quality.
The specification of a welding procedure should not be based on the results of a
few test runs. From figure 3-5 it can be seen that statistically procedure B is not
satisfactory since defective welds can be produced by the use of this procedure.
However, if only a few test runs are made, there is a good probability that these
results are acceptable.

satisfactory
welding procedure (a)

unsatisfactory
welding procedure (b)

defective weld

acceptable
quality

Figure 3-5. The effect of a satisfactory and an unsatisfactory welding procedure
on the weld quality.

The specification of a welding procedure is extremely important for quality assur-
ance. In some industries, like aerospace industries, many kilometres of welding
test runs are required to develop an acceptable welding procedure [82]. In small
batch production, the time consumed in developing a welding procedure signifi-
cantly influences the total productivity. There is often a compromise between the
productivity requirements and the degree of welding procedure specification and
verification.

In manual welding, skilled and experienced welders can compensate for the inad-
equacy of a welding procedure. In a robotic welding system, however, the welding
procedure must be sufficiently specified owing to the fact that operators have
often limited welding knowledge and experience of welding operations and that
most of the robotic arc welding systems have no adaptive control functions. All
the factors and variables that can influence the quality must be sufficiently speci-
fied. A welding procedure must be easy to read and understand so as to prevent
misunderstanding or misinterpretation by operators.

It is greatly desired that a welding procedure is developed with a welding system
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and test workpiece that have the same characteristics as the welding system and
workpiece used in the real production so that the procedure can be directly imple-
mented in the production without any final adjustments. This is because different
machines may have different characteristics and capabilities. For example, when
power sources have different static and dynamic characteristics, the characteristics
of a welding process may be different with different power sources, even if the same
welding parameters are used.

A welding procedure should provide optimal welding parameters so that the pro-
cess stability and the quality are least sensitive to variations of such factors as
joint fit-up. This is particularly important when a robotic welding system has
no adaptive control functions. When a robotic system has adaptive control func-
tions, this demand on the the consistency of joint preparation may be lower, since
the negative effect of the variations on weld quality can be to a certain degree
counteracted by the adaptive control system.

The specification of a welding procedure requires much knowledge about materi-
als to be welded, quality requirements, process equipment to be used, operators
involved, expected variations, etc. However, many industries lack experienced
welders or welding engineers. A compromise is often made in practice between the
planning of parameters and the need for high productivity. To improve the effi-
ciency and quality of specification of a welding procedure, it is, therefore, desirable
to use artificial intelligence [47, 80].

3.5.3 Correct Implementation and Control of the Welding
Procedure

If a welding procedure can not be implemented correctly, it loses its value and
production runs out of control. In order to correctly implement a welding proce-
dure, no misinterpretation of the procedure by the operator should occur, which
requires that a welding procedure must be simple and clear and the operator must
have certain knowledge to understand the procedure. Furthermore, the welding
equipment used must have good accuracy and ability to reproduce its output. To
ensure a correct implementation of the welding procedure, direct measuring or
monitoring of important parameters is necessary.

In practice, a welding procedure is often developed in a laboratory and with a
welding system different from the one used in production. Furthermore, the test
workpiece is also often different from the real workpiece. This implies that final
adjustment of the procedure may be necessary so that it can fit the production
system. This in turn requires that the production must be closely followed-up and
the results of the pilot runs must be analysed. If unexpected results occur, an
adjustment of the procedure and the welding system must be made.
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3.5.4 Prevention and Elimination of Sources of Quality Prob-
lems

In order to efficiently prevent defective welds, all tli; sources that can cause weld
defects should be prevented and eliminated throughout the production. For robotic
arc welding, the sources that may cause quality problems can be classified into six
main groups, figure 3-6.

unsatisfactory
welding
procedurs

improper
product/joint

excessive
specification
of quality

unsatisfactory
performance of
system equipment

insufficient
control of
input material

Figure 3-6. The main sources of quality problem for robotic arc welding.

Generally speaking, the lower the quality requirements are, the easier it is to
achieve the quality. The specification of quality requirements must be based on
the needs of the customer. Quality is to satisfy the customer's needs. Excessive
quality specification is therefore unnecessary.

The influence of product/joint design on the quality has been discussed in section
3.5.1. A good design not only fully satisfies the customer's needs but also makes
it easier to manufacture the product.

As discussed in section 3.5.2, the specification of welding procedures is very impor-
tant. It is equally important to correctly implement the procedure in production
and to consistently maintain the correct procedure throughout the production.

When the correct welding procedure is maintained in the production and the sys-
tem equipment perform as expected, the desired weld quality is achieved. How-
ever, in real manufacturing environments, undesirable variations in the welding
conditions can occur. Variations come mainly from three major sources: welding
objects, welding machines and operators [86].
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For the arc welding process, the output of the process, i.e. weld quality, is to a great
extent, dependent upon the input material. It is important to sufficiently control
both the geometrical and surface characteristics of the workpiece prior to the
welding process. The geometrical properties of the workpiece directly influence the
joint preparation, while the surface condition can influence the process stability.
However, in reality, the control of the workpiece before the welding process is often
insufficient.

For the control of weld quality, it is important to maintain the desired or expected
performance of the system equipment throughout the production by means of
proper operation and maintenance of the equipment. Quality problems are also
caused when the performance of the system equipment is abnormal, i.e., excessively
deviates from the desired performance, figure 3-7. For example, pores will be
produced if the gas nozzle can no longer provide effective gas shielding.

desired
performance

normalvariation

excessive variation

variation of
performance

Figure 3-7. Quality problems are caused when the performance of an equipment
excessively deviates from the desired performance.

Human error can cause undesirable welding conditions. The procedure is imple-
mented and the equipment is operated by operators. Human error can occur
during the implementation of the welding procedure. It can also occur during the
operation of the machines. There are a number of factors causing human errors
such as qualification and motivation. An unqualified welder or operator can not
be expected to perform work that requires a high level of qualification without
causing human errors. Operators should be sufficiently motivated to realize the
importance of following procedures and work instruction. They should have a
sense of responsibility for what they are doing.
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Therefore, in order to efficiently eliminate quality problems during the production,
the following measures are important:

• Sufficient control of the geometrical and material properties of the workpiece.

• Monitoring of the welding process for the detection of deviations of welding
conditions from the desired ones.

• Feed-back control of the welding process to cope with unexpected welding
conditions.

• Diagnosis of the cause of quality disturbances.

3.5.5 Monitoring the Welding Process

In the robotic arc welding process, there is no direct interaction between the
operator and the process. The operator can not directly observe the process and
thereby it is not possible for him to detect undesirable behaviours of the process.
A monitoring system is therefore necessary to provide such information to the
operator so that corrective measures can be taken to eliminate the undesirable
process behaviours, figure 3-8.

An important function of the monitoring system is to detect quality disturbances.
It is more important to detect deviations in the real welding conditions from the
desired ones so that these deviations can be corrected before they become a quality
disturbing source. It is highly desired that a monitoring system works together
with a diagnostic mechanism to diagnose the causes of the deviations. If the
monitoring system tells only that a welding process is disturbed, it will be very
difficult for the operator to diagnose the causes of the disturbance, due to the fact
that the operator of a robotic welding system has often limited knowledge about
the process and the system equipment and that the operator can not directly
observe the process.

Quality is affected by a number of parameters. The important welding parame-
ters are welding current/wire feed ra * welding voltage and welding speed. The
stability of the welding process has a significant influence on the weld quality and
should be monitored.

Parameters that vary during welding and have effect on weld quality should be
monitored. Furthermore, a model should be established to correlate these parame-
ters so that the combined effect of the variations of these parameters on the quality
characteristics of the resulting weld can be predicted.
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welding
process

monitoring
system

operator

Figure 3-8. A monitoring system is needed to detect undesirable characteristics
of the welding process so that corrective measures can be taken by the operator to
eliminate further disturbance of the process.

3.5.6 Feed-Back Control of the Welding Process

Feed-back control in real time provides a way to counteract the deviation of the
welding conditions from the specified conditions so that the desired weld quality
can be maintained, figure 3-9. The main goal of a feed-back control system is thus
to maintain a desired quality level.

In mechanized or robotic welding, quality-oriented feed-back process control can
be defined as:

Welding machines are able to adapt in real time to compensate for
the deviation of welding conditions from the desired welding condi-
tions that are encountered during welding process without the need
for manual intervention, with the aim to maintain the desired weld
quality.

For robotic arc welding, the feed-back control can be classified into two main
groups: geometrical and technological feed-back control. The geometrical feed-
back control automatically adjusts the position of the welding arc relative to the
joint path. Without this technique, the robot moves the welding torch in a pre-
determined trajectory regardless where the joint is located. By the use of this
technique, the robot trajectory is consistently adjusted to the joint path, figure
3-10. Another advantage of this technique is that the demand on the geometrical
accuracy of the workpiece and on the repeatability of the fixture is reduced.

The technological feed-back control automatically adjusts the welding parameters
in response to the variations in the welding process. The most important welding
condition that the welding parameters should be adjusted to is the joint fit-up.
The variation of joint fit-up has a significant influence of the weld quality. It is
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Figure 3-9. Feed-back control provides a way to counteract the deviation of the
weldtng conditions from the expected or specified conditions in order to maintain
the desired quality.
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A - without geometrical feed-back control
B - with geometrical feed-back control

Figure 3-10. The geometrical feed-back control constantly adjusts the robot tra-
jectory to the joint location.
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Figure 3-11. The technological feed-back control constantly adjusts tht welding
parameters to the variations in the welding process such as the variation of joint
fit-up.

often the main problem for the robotic arc welding [20, 42]. Figure 3-11 illustrates
the effect of technological feed-back control on the weld quality.

3.5.7 Diagnosis of the Causes of Quality Disturbances

When the quality is disturbed, the causes of the disturbances must be quickly
identified and removed without delay, figure 3-12.

In robotic arc welding, the diagnostic ability of the operator is limited mainly due
to the fact that the operator has rather limited knowledge of the welding process
and the system equipment and that the operator does not directly observe the
process. The operator's diagnosis is often not reliable. It has been observed in
industrial production that operators frequently change the welding parameters,
in order to reduce defective welds. However, the results are often an increase
of defective welds [90]. The reason is that they can not correctly identify the
causes of weld defects and are thus unable to take correct measures to remove the
disturbances.

It is important that operators must have sufficient welding knowledge in order to
prevent defective welds. Training them is one way to provide them with knowledge
and experience. Another possible approach to solving this problem may be to use
expert systems to assist operators during production [87]. When a problem occurs
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Figure 3-12. The causes of quality disturbances must be quickly diagnosed and
eliminated.

or a defective weld results, the operator consults the expert system for suggestions
and advice. In this way, the operator can also learn problem-solving ability from
the expert system.

3.5.8 Motivation and Training of Operators

The robotic welding systems are run by operators. Besides activities such as
programming, maintenance, loading and unloading parts, the operator plays a key
role in quality, with the responsibility to [24]:

• Follow welding procedure and work instructions.

• Make machine set-ups.

• Make necessary adjustments.

• Understand the machines.

• Be alert for problems.

• Report problems to his or her supervisor.

Operators must be sufficiently motivated to realize that quality is everyone's re-
sponsibility. Monetary reward is one aspect for the motivation. Furthermore,
workers require the reinforcement of a sense of accomplishment in their jobs and
the positive recognition that they are personally contributing to the achievement
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of company's quality goal [22]. Quality education and communication of quality-
consciousness are important [34, 37, 76].

In addition, in order to perform a robotic welding system properly and to efficiently
solve a problem, operators must have sufficient knowledge about the welding pro-
cess and the equipment. When problems occur, they should be able to quickly find
the causes and solve the problems without delay. For instance, when a defective
weld results, he should be able to identify the causes and take proper measures to
remove the disturbances. All of this requires knowledge and experience.

In contrast to any computer system, human being is innovative. The operator is
involved in the daily production activities and has first-hand information about
the production conditions, problems, etc. When he is sufficiently motivated and
possesses sufficient knowledge, invaluable suggestions may come from the operation
to improve the quality and to increase the productivity.

In Japan, QC circle, suggestion system and other activities performed by the
workers are an important factor for Japan's competitive success [34, 37].

3.6 Conclusions

For an efficient quality assurance for robotic arc welding there are three essential
requirements:

1. Systematic Approach:

The relevant activities before, during and after the welding operation must
be systematically considered. Though the quality is formed during the weld-
ing operation, it is to a great extent influenced by the pre-welding activities
such as product design, welding procedure specification and post-welding ac-
tivities such as quality inspection and diagnosis of the causes of weld defects.

2. Functionality:

Besides the manipulation of the welding torch, the robotic welding system
should also have QA functions such as diagnostic, monitoring and feed-back
control functions.

3. Knowledge and Collaboration:

Sufficient knowledge and information about welding technology, base mate-
rial, process equipment, welding parameters, etc must be available for the
personnel involved in design, production and quality inspection so that a
task or function can be properly performed and quality problems can be
prevented in early stage of the product life cycle. A satisfactory collabora-
tion between various departments and personnel is necessary.



A quality assurance system will not work without the engagement of the persons
involved in design, production, etc. Quality is everyone's concern.



4 Causes of Weld Defects

In order to prevent defective welds, we must have the knowledge about the causes
of weld defects. Any quality disturbing sources should be eliminated throughout
the production.

If defective welds occur in production, an efficient diagnostic mechanism is required
in order to identify the disturbing sources so that corrective measures can be taken
to remove the quality disturbances.

The weld quality is often specified in terms of discontinuities. The inspection of
discontinuities is done with non-destructive inspection methods. A discontinuity
is not necessarily a defect. A defect is a discontinuity that exceeds the specified
criteria. The term — defect — designates rejectability. Defects on the weld surface
can be detected by the visual inspection of the weld. The defects inside the weld
require other inspection methods.

In the following sections, the causes of the following common defects and the
prevention and elimination of these defects are discussed:

• Pores.

• Incomplete penetration.

• Excessive root reinforcement and burn-through.

• Metal spatter.

4.1 Causes of Pores

A pore is the result of gas trapped in the weld metal, figure 4-1. There are two
mechanisms of pore formation: metallurgical and mechanical pore formations [3SJ-

Metallurgical pores are caused mainly by hydrogen, nitrogen and oxygen, which
are soluble to a great extent in a molten metal. The solubility of these gases in
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Figure 4-1. The illustration of a pore.

a solidified metal is significantly less than in a liquid metal. Gases that dissolve
atomically in a liquid steel separate from the metal and form gas bubbles during
the solidifying phase. If the rate of solidifying is greater than the rate at which the
gas bubbles rise, they will be entrapped and remain in the weld metal as pores. For
a given workpiece, the solidification rate of a weld pool is influenced by heat input
during welding and initial temperature of the workpiece. The solidification rate
decreases as the heat input and the initial temperature of the workpiece increase.

The main causes of gas absorption during GMA welding are [32]:

• Disturbed gas shielding effect, caused by

- Insufficient coverage of shielding gas

* Insufficient flow rate of shielding gas.
* Excessive nozzle-to-work distance.

- Turbulent flow of shielding gas, due to:

* Excessive flow rate of shielding gas.
* Metal spatter build-up inside gas-nozzle.
* Improper torch orientation.

• Contaminating substances on joint surface or wire electrode, such as dirts,
grease, paint and moisture».

Mechanical'pores occur when crevices or cavities filled with gases or gas-producing
substances are overwelded, figure 4-2. If the gases, which expand due to the
welding heat, can not completely escape, a porosity is formed. Substances like
moisture, grease, oil, paint and zinc coatings produce gases under the welding
heat. Such cavities are here referred to as enclosed cavities.

The prevention of pores requires the elimination of the sources of gas absorption
and the enclosed cavities. Figure 4-3 shows the causal model of pores.

Disturbing Source 1: Contaminating substances on the wire electrode
and joint surface

Contaminating substances like oil and moistures on the wire electrode or the joint
surface can cause pores in the weld. It is important to remove them before welding.
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Figure 4-2. Mechanically caused porosity [32].

In modern production it is, however, not likely that the wire electrode or joint
surface is contaminated by such an amount of rust, paint or oil that they can
cause problems like pores.

Furthermore, a certain amount of contaminating substances on the workpiece can
be tolerated without causing defects since they will be vaporized by the welding
heat before the arrival of the weld pool.

Disturbing source 2: Enclosed cavities

The existence of such cavities is mainly due to improper design of the product or
joint. During the design stage, considerations must be taken for the prevention of
such cavities.

Disturbing source 3: Insufficient flow rate of shielding gas

Insufficient flow rate of the shielding gas reduces the coverage of gas shielding. For
a given gas-nozzle, the minimum flow rate is relatively easy to determine by trials.
Insufficient gas flow rate has three causes:

• Insufficient set-up of the flow rate.

• Insufficient pressure in the gas cylinder.

• Leaks in the gas supply system.

The first cause can be detected by observing the reading on the flow meter in the
gas regulator. If the set-up is not correct, it must be re-adjusted. The second cause
can be verified by observing the reading on the pressure meter. If the pressure is
insufficient, the empty gas cylinder must be replaced with a full one. The third
cause is not usual in modern production. The output gas flow can, however, be
monitored by a gas flow meter near the gas-nozzle.

Disturbing source 4: Excessive flow rate of shielding gas

To achieve an efficient gas shielding, the flow pattern of the shielding gas must be
laminar. Excessive gas flow will cause a turbulent flow pattern. When turbulence
occur», the shielding gas is mixed with air.
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Figure 4-3. The main causes of pores.
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The maximum flow rate can be relatively easily determined by trials. Excessive
gas flow rate is caused by the excessive set-up of the flow rate.

Disturbing sources 5: Improper torch orientation

Generally speaking, the torch advance angle should not be inclined more than 15s

from the normal torch position. With larger inclination, there is a risk of air being
drawn into the arc column and the weld pool by injector effect.

Disturbing source 6: Excessive gas nozzle-to-work distance

The gas nozzle-to-work distance influences the coverage of the gas shielding. For
short-arc welding, this distance should be within 10-20 mm. Too short a distance
increases the risk of overheating of the nozzle and collecting metal spatter in the
nozzle. With excessive distance, the gas coverage is reduced. The allowable gas
nozzle-to-work distance is also, to a certain degree, dependent upon the diameter
of the nozzle since the nozzle diameter influences the coverage of the shielding gas.

Disturbing source 7: Metal spatter build-up in the gas-nozzle

The laminar flow pattern of shielding gas can be disturbed by the metal spatter
build-up inside the gas nozzle, which is a common cause of pores in mechanized or
robotized arc welding process. To ensure efficient gas shielding, the inner surface
of the gas nozzle should be as free from metal spatter as possible.

The fundamental cause of the build-up of metal spatter is metal spattering during
the process. In short arc welding, the composition of the shielding gas and process
stability have a significant effect on metal spattering. The coating of the workpiece
with zinc also greatly increases the amount of metal spatter. In order to reduce
metal spattering the following measures are important:

• Optimize the composition of shielding gas.

• Optimize process stability.

• Avoid welding of zinc-coated plates.

Besides the above measures, the following measures must also be taken in order
to prevent, reduce and remove the build-up of metal spatter in the gas nozzle:

• Mechanically clean the gas nozzle.

• Use ceramics and other new material for the nozzle.

• Cool the gas nozzle by water .

The gas-nozzle should be often cleaned by a mechanical cleaning device, whose
cleaning head must be compatible with the shape of the gas-nozzle. When the
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nozzle is cooled by water, the heat conductivity of the nozzle is significantly in-
creased, which makes it more difficult for metal spatter to melt the nozzle surface.
By inserting a layer of polymer material inside the nozzle, the metal spatter can
be greatly reduced. Gas nozzles made of ceramics are very efficient in preventing
the build-up of metal spatter [86].

4.2 Causes of Incomplete Penetration

Incomplete penetration is the lack of fusion between the faying surfaces due to
the failure of weld metal to extend into the root of the joint, figure 4-4. The
fundamental cause of this defect is that the joint surface is not sufficiently melted.

Figure 4-4. The illustration of an incomplete penetration.

There are two fundamental factors influencing the melting of the base material:
heat input and heat lost from the joint. To obtain a uniform melting of the base
material, there must be a balance between these two parameters. Figure 4-5 shows
the main causes of incomplete penetration.

Disturbing source 1: Insufficient heat input due to wrong welding pa-
rameters

In short-arc welding the weld metal cross section area is approximately linearly
dependent upon the arc power and the weld penetration is approximately pro-
portional to the square root of the arc power when all the other parameters are
constant [62]. The heat input to the weld pool is determined by arc current, volt-
age and welding speed. It increases with arc current and voltage but decreases as
the welding speed increases. This means that in order to achieve a deeper penetra-
tion either the welding current or the voltage should be increased or the welding
speed should be decreased.

Disturbing source 2: Weld pool running ahead of the welding arc

However, when the welding speed is excessively slow, the weld pool will run ahead
of the welding arc, figure 4-6, causing the arc to burn directly on the weld pool:
the weld pool arts as a shielding layer between the base material and the arc. As a
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result, the weld penetration decreases and incomplete penetration may occur [33].

, welding arc

incomplete penetration

Figure 4-6. Weld pool running ah;ad of a welding arc.

Disturbing source 3: Improper joint preparation

For a given heat input, the weld penetration is determined by the heat lost from the
joint surface: the penetration decreases as the heat lost increases. The important
factors influencing the heat lost is the thermal conductivity and the thickness of
the plate. When backing support is used, some of heat is also conducted into the
backing support.

For I-joint, the plate thickness should normally not exceed 3 mm for one-side
welding. For thicker plates, V-joint preparation is recommended. Normally the
height of root face of V-joint should not exceed 2 mm. The groove angle of V-joint
should be within 45-60 degrees. With an excessively small groove angle, the weld
pool may run ahead of the arc due to the decreased groove volume.

The variation of a joint gap can also cause incomplete penetration. A large joint
gap helps the molten weld pool move to the bottom of the joint and thereby
increases the weld penetration.

Disturbing source 4: Excessive contact tube-to-work distance

For a given wire feed rate, the welding current is influenced by the contact tube-to-
work distance: the current decreases as the distance increases. Excessive increase
of this parameter will thus decrease weld penetration. In short-arc welding, this
distance should be within 10-15 mm. This distance should be kept as constant as
possible during the production.

Disturbing source 5: Excessive misalignment between the welding arc
and the joint

Figure 4-7 shows the influence of the misalignment between the welding arc and
the joint path on the formation of incomplete penetration. This phenomenon can
be detected by observing the relative position of the resulting weld and the joint.
The causes of the misalignment include:
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• Inaccurate geometry of the workpiece.

• Bad repeatability of the fixture.

• Wire deviation.

• Incorrect positioning of the torch.

• Bad repeatability of the robot.

correct torch-to-joint
position

deviation of welding arc
from the joint

Figure 4-7. The influence of the misalignment between the welding arc and the
joint on the formation of incomplete penetration.

The allowable misalignment between the welding arc and the joint path is generally
small for butt joints, about 0.5-1.0 mm, but for lap and fillet joints the welding
arc can be deviated for the joint path up to 2-4 mm without causing weld defects
[78].

Disturbing source 6: Unstable welding process

To obtain uniform melting of the v/orkpiece, a stable welding process is required.
Figure 4-8 shows the main causes of process instability. The composition of the
shielding gas is also an important factor influencing the process characteristics.
However, once it is chosen, the composition remains constant throughout the pro-
duction and therefore is not considered a variable that can change in production.

Disturbing source 6.1: Incorrect welding parameters

The most important welding parameters influencing the stability of the short-arc
welding process are wire feed rate/current, welding voltage and the rate of current
increase during the short-circuiting period, as is discussed in chapter 2. For a
stable welding process, these three parameters must be optimized and controlled.
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Figure 4-8. Main causes of process instability.

With a modern power source, the optimal rate of current increase is often prede-
termined by the power source supplier. The only parameters to set up a modern
power source are synergic program, wire feed rate and welding voltage. The syner-
gic program is determined by the composition of shielding gas and the composition
of the wire electrode.

Disturbing source 6.2: Unsatisfactory performance of power source

To maintain a stable welding process, the correct wire feed rate and welding voltage
must be maintained. This requires that both the welding power source and the
wire feeding system must have a good ability to reproduce its output and are
insensitive to external disturbances such as voltage variation in the network.

Modern power sources normally can tolerate up to 5-10% variation of the voltage.
However, with older types of power sources, this ability may be limited.

Disturbing source 6.3: Fluctuation of wire feed rate

In short-arc welding, the process stability is sensitive to the fluctuation of wire feed
rate. The wire fluctuation is inherent to the push type of wire feeding system. For
high quality welding, a push-pull type of wire feeding system is desirable to ensure
the stability of wire feed rate.

To minimize wire fluctuation, the following measures can be recommended:

• Proper set-up of the pressure on the feeding rollers.
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• Reducing the length of wire conduit and increasing the straightness of the
conduit.

• Regular and proper maintenance of the feeding system.

• Regular replacement of the contact tube.

Disturbing source 6.4: Disturbance of the gas shielding

When the gas shielding is disturbed, the process stability is disturbed by the entry
of air into the welding zone. The causes of the gas shielding disturbances have
been discussed in section 4.1.

Disturbing source 6.5: Contaminated wire electrode and workpiece

When the electrode or workpiece is contaminated, the process stability may be
disturbed.

Coating layers on the joint surface may also significantly influence the process
stability. When the plates are zinc-coated, a stable welding process is much more
difficult to obtain due to the fact that the vaporization of the zinc layer disturbs
the weld pool and thereby the process stability. However, if all the zinc can be
vaporized before the arrival of the weld pool, a stable process is possible. This
requires accurately controlled zinc layer thickness and welding parameters.

If possible, the coating process should be carried out after the welding process in
order to ensure a stable welding process and defect-free welds.

4.3 Causes of Excessive Root Reinforcement and
Burn-through

Excessive root reinforcement is excess weld metal protruding through the root of a
fusion weld made from one side, figure 4-9. The fundamental reason to this defect
is that the joint is excessively melted.

Burn-through is a collapse of the weld pool resulting in a hole in the weld, figure
4-10. Its causes are the same as the causes of excessive root reinforcement, but of
a more severe degree.

Figure 4-11 summarizes the main causes of excessive root reinforcement and burn-
through.

Disturbing source 1: Excessive heat input due to incorrect welding
parameters

For a given joint preparation, the melting of the base material and the weld pen-
etration are mainly determined by the heat input, i.e. welding current, voltage
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\

Figure 4-9. The illustration of an excessive root reinforcement.

Figure 4-10. The illustration of a burn-through.

and welding speed. The excessive increase of welding current or voltage causes
excessive penetration or root reinforcement and so does a significant decrease in
welding speed.

In order to prevent fusion defects, welding current, voltage and welding speed
should be sufficiently specified and controlled in the production.

Disturbing source 2: Too short contact tube-to-work distance

The contact tube-to-work distance influences welding current. When this distance
decreases, the current increases for a given wire feed rate. Therefore, this distance
should be kept constant during welding. Normally, this distance should be specified
within 10-15 mm.

Disturbing source 3: Improper joint preparation

When the heat input is constant, the weld penetration is determined by the heat
lost, which is in turn influenced by the joint preparation. For welding butt joints
with a thickness of no more than 3 mm, backing support should be used in order
to prevent this defect. By the use of backing support, some of heat is conducted
into the backing support and as a result the weld penetration can be reduced. For
the root pass of V-joint, backing should also be used.

The most important joint preparation parameter is joint gap. The risk for excessive
root reinforcement increases with increased joint gap. For example, for 1-joints
with a thickness of 3 mm, the joint gap should generally not exceed 1.5 mm.
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It is always desirable to restrict the variation of joint preparation parameters
during welding process. Therefore, tack-welding can be recommended where the
joint fit-up can vary significantly.

Disturbing source 4: Improper jigging and clamping

When the backing support is used, the plates must be properly clamped onto the
backing support so that a tight and consistent contact exists between the plate and
the backing support along the joint so as to ensure an uniform heat conduction
along the joint. The regularity of heat conduction along the joint can be improved
if the following measures are taken:

• Even and tight distribution of the clamps along the joint.

• Increased clamping pressure.

If there is uneven heat conduction into the backing support, the heat balance is
disturbed. As a result excessive root reinforcement can occur.

Disturbing source 5: Unstable welding process

A uniform heat input is desired in robotic arc welding. When the heat input varies,
fusion defects like excessive root reinforcement can be a result. The main causes
of process instability are discussed in section 4.2.

4.4 Causes of Metal Spatter

Metal spatter is globules of metal expelled during welding and adhering to the sur-
face of the parent metal or the solidified weld metal, figure 4-12. The fundamental
cause of this defect is the metal spatter produced during the welding process. The
amount of metal spatter is directly related to the mode of metal spatter. Spray
metal transfer is free of metal spatter. Short-arc welding process is associated
with metal spatter. However, the amount of metal spatter is to a certain degree
dependent upon the composition of shielding gas. Generally speaking, the amount
of metal spatter decreases as the argon content of the shielding gas increases, par-
ticularly the larger size spatter decreases [5]. The size of metal spatter influences
the adhering ability of the metal spatter on the plate. Larger size metal spatter
adheres more easily to the plate surface than small size metal spatter because the
larger size metal spatter contains more heat.

On the other hand, the composition of shielding gas influences the shape of weld
metal, appearance of weld bead, process stability and other characteristics of the
process. The addition of a certain amount of CO2 and/or O2 in argon is necessary
for the short-arc welding process. With respect to the overall welding characteris-
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tics such as weld metal geometry, process stability and metal spatter 20-25%CC>2
in argon gas is recommended for short-arc welding of mild steels [77].

Figure 4-12. The illustration of metal spatter.

Another main cause of metal spatter is process instability, whose main causes have
been discussed in section 4.2. In the short-arc welding process, the torch advance
angle has also a certain influence on the formation of metal spatter. With the
pushing welding technique, more amount of metal spatter results than with the
pulling technique in short-circuiting welding. Figure 4-13 summarizes the main
causes of metal spatter.

unsuitable
composition of
shielding gas

incorrect torch
advance angle

unstable welding
process

Figure 4-13. Main causes of metal spatter.

To reduce the amount of metal spatter during the welding process is one way to
eliminate this defect. Another way is to protect the surface from metal spatter by
covering it with e.g. a metal plate. Coatings of various kinds have also been used
to protect the surface from metal spatter [21].

4.5 Conclusions

Quality disturbances can not be prevented without the elimination of quality dis-
turbing sources. A fundamental initial point for the prevention of such sources is
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to analyse how various weld defects can be caused.

The knowledge about disturbing sources of various weld defects should be pos-
sessed by the personnel involved in the design and production so that the quality
disturbing sources can be prevented efficiently throughout the production. It is
obvious that this knowledge is also essential for the diagnosis of the causes of qual-
ity disturbances in production and for the taking of proper measures to eliminate
them.



5 Welding Procedure
Specification

5.1 The Structure of a Welding Procedure Spec-
ification

A welding procedure specification is a document that provides, in detail, required
welding conditions for a specific application. Many factors contribute to the end
result of a welding operation, whether it is a manual or robotized arc welding oper-
ation. It is always desirable and often essential that the vital elements associated
with the welding of joints are described in sufficient detail to permit reproduction
and to provide a clear understanding of the intended practices. The purpose of
a welding procedure is, therefore, to define and document in detail the variables
involved in welding a certain base metal [19]. To fulfil this purpose efficiently,
welding procedure specifications should be easy and clear to read.

Figure 5-1 illustrates the main activities from the base material to the final product
of a welding operation — a weld. The task of a welding procedure specification is
thus to define and document the variables involved in these activities. A welding
procedure can be divided into five main sections, figure 5-2. Each of the five
sections consists of a number of variables.

In the following, the major variables in the various sections of the procedure and
the principles for the choices of the variables are discussed.

5.1.1 Initial Specifications

The initial specification mainly defines:

• Material of workpiece.
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• Joint type.

• Welding position.

• Quality requirements.

The specification of a welding procedure starts with the initial specifications. The
specification of the variables in the other sections is to make a weld that conforms
to the quality requirements with the defined base material and the specified joint
type and welding position.

5.1.2 Consumable Details

In GMA welding there are two consumables: filler wire and shielding gas. The
determination of filler wire is made on the basis of the chemical composition and
the mechanical properties of the weld metal. The ideal filler wire would be such
that the weld metal produced would have a chemical composition and metallur-
gical structure identical to the base material. However, this is extremely difficult
to achieve, if not impossible, since the weld metal has a different thermal and
mechanical history from the base material. Furthermore, chemical reactions in
the welding pool may occur during welding. To a certain degree, the chemical
composition of the weld metal is also affected by the composition of the shielding
gas used, owing to the chemical reaction between the shielding gas and the weld
pool. The choice of wire electrode should also consider the composition of the
shielding gas to be used.

In practice, one main rule for the choice of filler wire for mild steel is that the filler
wire will give a weld metal that has at least as good mechanical strength as the
base material. Manufactures of filler wire often provide catalogues or handbooks
to help customers choose appropriate electrodes for various applications.

In addition to the influence on the chemical composition of the weld metal, the
composition of shielding gas has significant influence on process stability, weld
bead appearance, costs and other process characteristics. For welding mild steels,
there are two main types of shielding gases. One is argon-based mixtures and the
other is pure C(>2- The argon-based gas mixtures are gas mixtures where argon
is mainly mixed with a small portion of either O2 or CO2 or both of these two
gases. For welding steels, pure argon should be avoided, since it will result in
an unstable welding arc; the welding arc wanders randomly over the weld pool
[69]. To stabilize the arc, a certain addition of oxygen or carbon dioxide should be
added. The oxygen is absorbed by the weld pool and a thin layer of oxide can be
formed on the pool surface. The oxide layer plays an important role in stabilizing
the cathode spots where the electrons are emitted into the arc [41]. About 5%CC>2
or 2%C>2 is the minimum necessary in order to obtain a stable welding arc [77].
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The addition of oxygen into argon gas reduces the surface tension of the weld pool
and the wire tip [35]. An effect of this is that the (globular-to-spray) transition
current is reduced and the fluidity of the weld pool is increased, resulting in a
better wetting of the weld metal with the base material.

CO2 has a much higher thermal conductivity than argon gas. With argon gas, the
energy in the welding arc is more concentrated in the centre of the arc, resulting in
a more 'finger-pointed' weld metal profile. With the addition of CO2, the energy
becomes more evenly distributed in the arc and as a result, the resulting weld metal
has a more 'bowl-shaped' profile. The 'bowl-shaped' weld metal is more desirable
for robotic arc welding, since it tolerates more deviation of the welding arc from
the joint path and reduces risk for incomplete fusion and penetration. However,
the addition of CO2 should not exceed 15% for spray metal transfer, since a higher
content of CO2 in argon deteriorates the metal transfer and increases metal spatter
[77]. For short-circuiting metal transfer, the metal transfer frequency increases
with CO2 in argon gas up to 25% CO2 and then decreases [68]. 80%Ar/20%CC>2
is normally recommended for short arc welding.

Pure CO2 can be used for short arc welding of mild steel. However, pure CO2
results in much more metal spatter and less satisfactory weld bead appearance
than 80%Ar/20%CO2- Though CO2 is cheaper than 80%Ar/20%CC>2, the use of
CO2 may increase the total cost of a weld. The reason is that more metal spatter is
produced with this gas, which not only reduces filler wire deposition efficiency but
also increases the amount of labour used in cleaning metal spatter from the weld
surface. Metal spatter also causes other problems such as metal spatter build-up
in the gas-nozzle. Therefore, CO2 should be avoided in robotic applications.

However, CO2 should be used in welding zinc-coated mild steels. It causes less
metal spatter and improves process stability compared with
80%Ar/20%CC>2 due to the fact that a hotter welding arc is achieved with CO2,
which has a better capability of vaporising the zinc coating in front of the weld
pool.

The knowledge of the combination of various welding gases for various applications
is still rather poor, though it is known that a small addition of a gas component
can significantly affect the welding properties.

In practice, the choice of shielding gas is often based on the handbooks provided
by various gas producers or by trials.

5.1.3 Joint Preparation and Run Sequence

Generally speaking, there are handbooks and fabrication codes that recommend
appropriate joint preparation parameters for various joint types. What is most
important for robotic arc welding is to specify and control the tolerance of the
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joint preparations. The allowable variation is generally small, particularly for
butt joints. This implies that for robotic arc welding, the joint edge must be
accurately and consistently prepared and jigged. The important factors influencing
the variation of joint preparation are discussed in section 3.5.1.

On the other hand, the allowable joint fit-up variations are influenced by a number
of factors including welding parameters, backing and quality requirements. By
optimizing the parameters the sensitivity of weld quality to the variation of joint
fit-up can be reduced [43]. Furthermore, the demand on the repeatability of joint
fit-up can be reduced if the robotic arc welding system has technological feed-back
control, as is discussed in section 3.5.6.

The number of welding passes is mainly determined by the thickness of the base
material. For I-joint, only one pass is used from one side. For V-joints, one root
pass and one filling pass can be needed.

For the welding of butt-joints, backing support is recommended so that the weld
penetration can be more easily controlled and excessive root reinforcement and
burn-through can be prevented.

5.1.4 Cleaning and Heat Treatment

Pre- and post-heat treatments are normally not necessary due to the good weld-
ability of mild steels, particularly thin mild steel plates containing less than 0.2%
carbon [38].

Contaminating substances like oil, grease, rust and moisture can influence a weld-
ing process negatively and cause defects such as pores. These substances should
be removed before a welding process.

However, to a certain degree, the contamination of joint surface can be tolerated
without causing defects by proper choice of welding parameters and shielding
gases. For example, experience has shown that the addition of CO2 into argon
gas decreases the sensitivity of the process to the contaminating substance such
as rust or paint.

5.1.5 Welding Parameters

The specification of welding parameters is the major part of a welding procedure
and it is often the most time-consuming part. The main purpose of this specifica-
tion should be:

• To achieve a stable welding process.
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• To obtain a welding process where the weld quality is least sensitive to the
variation of joint path and joint fit-up conditions.

• To achieve high welding speed.

Welding parameters can be broadly divided into four major groups and the major
parameters are listed in the following:

• Parameters for the welding consumables:

- Wire diameter.

- Flow rate of shielding gas.

• Parameters for the torch position and orientation:

- Torch advance angle.

- Torch transverse angle.

- Contact tube-to-work distance.

- Torch-to-joint distance.

• Parameters for the welding arc:

- Welding voltage.

- Wire feed rate/current.

- Current pulse parameters (for pulsed metal transfer).

- Rate of current increase (for short-circuiting metal transfer).

• Parameters for the torch movement:

- Welding speed.

- Torch oscillation.

Parameters for welding consumables:

Wire diameter influences current density; a higher current density is obtained with
a thinner wire for a given current magnitude. The deposition rate of filler wire
increases with decreased wire diameter for a given current. In other words, to
obtain a given wire deposition rate, the thicker the wire electrode is the higher the
current that must be used and therefore a deeper weld penetration is obtained.
Therefore, a rule for the selection of wire diameter is that thicker wire electrodes
are often used for thicker base plates.

For short-circuiting metal transfer technique, the wire diameter is normally be-
tween 0.8 and 1.2 mm. For thicker wires, the process stability decreases and the



amount of metal spatter increases. In short-circuiting metal transfer, the wire tip
contacts the weld pool. To prevent the solid wire tip from entering the pool, the
wire must be sufficiently rapidly melted. To achieve this, a high current density is
desirable. If a thicker wire electrode is used, a higher magnitude of current must
be used during short-circuiting periods. As a result, the molten metal bridge is
destroyed by a higher peak current, causing a great amount of metal spatter.

Furthermore, the choice of the wire diameter is also limited by the ability of a
wire feeding unit to properly feed the wire to the arc. To satisfactorily feed a wire
through a wire conduit, the wire must have a certain rigidity and strength. It
is apparent that the rigidity decreases when the wire diameter decreases. A 0.8
mm wire is thus more difficult to feed than 1.0 mm wire. In case that 0.8 mm or
even thinner wire must be used for welding very thin sheets, as short wire conduit
as possible should be used so as to decrease the friction encountered by the wire.
Push-pull wire feeding system is desirable to increase the stability of the wire feed.

The flow rate of shielding gas affects shielding efficiency. Owing to the invisibility
of the gas, the determination of shielding gas flow rate is largely empiric. However,
it is relatively easy to determine the appropriate gas flow rate by trials.

Parameters for torch position and orientation:

For welding butt joints the transverse torch angle, figure 5-3, should be 0° in the
flat welding position so as to obtain a symmetric form of weld metal. For fillet
joints the transverse torch angle is normally 45°.

To ensure gas shielding effect, the advance torch angle should be normal or with
an inclination of no more than 15° from the normal position. With a greater torch
inclination, there is a risk that shielding effect is disturbed. Welding with a torch
inclined toward the welding direction is often referred to as pulling or back-hand
welding. With a torch inclined from the welding direction, it is called pushing or
fore-hand welding.

The torch advance angle has a certain effect on metal spatter in short arc welding;
with the pulling welding technique less amount of metal spatter results than with
the pushing technique. However, the torch advance angle has no significant influ-
ence on the geometry of weld metal. It has been shown that the geometry of weld
metal remains nearly constant when the angle changes with ± 16° around the nor-
mal torch position [62]. In spray metal transfer, however, the torch advance angle
has an effect on the weld penetration; a deeper penetration is normally obtained
with the pulling welding technique.

The contact tube-to-work distance is normally between 10-15 mm for short-circuiting
arc welding. Excessive distance can result in excessive wire deviation, while too
short distance will increase the risk that the wire smelts onto the contact tube
due to the burn-back of the wire. This parameter influences wire extension and
thereby wire melting rate and welding current. An increase of this distance will
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normal
position

a) torch advance angle

b) torch transverse angle

c) torch-to-joint distance

pulling

Figure 5-3. The definition of torch advance angle (a), torch transverse angle (b)
and torch-to-joint distance (c).
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increase the wire extension and thereby reducing welding current. As a result, the
weld penetration is decreased. On the other hand, a decrease of this distance will
result in an increase of weld penetration. It is, therefore, necessary to regularly
check this distance in robotic arc welding.

The torch-to-joint distance is also a parameter influencing the symmetry of the
weld metal. In order to obtain an axially symmetric weld metal, the torch should
be placed axially symmetrically to the weld joint, i.e. this parameter should be
equal to zero, at the flat welding position.

Parameters for the welding arc:

The parameters in tins group are the most important welding parameters. They
significantly influence the mode of metal transfer in the arc and process character-
istics such as process stability. Here it should be noted that the current is often
not an independent variable in GMA welding, while wire feed rate is an indepen-
dent variable. It is the wire feed rate that is preset before welding. The welding
current is mainly determined by the wire feed rate, the voltage and the contact
tube-to-work distance, with the wire feed rate being the most important. Higher
current is mainly obtained by using a higher wire feed rate.

The influence of welding current on metal transfer has been discussed in chapter
2. Briefly, the following can be summarized:

• Steady DC spray metal transfer requires a high welding voltage and a weld-
ing current higher than the transition current. The high welding voltage is
necessary to obtain a long arc length so that no short-circuiting between the
wire tip and the weld pool can occur.

• When a pulsed welding current is used, a spray metal transfer can be ob-
tained with a lower average welding current by choosing appropriate current
pulse parameters. The welding voltage must be sufficiently high to ensure a
long arc length.

• Short circuiting metal transfer requires a low welding voltage and low welding
current. The process stability is greatly affected by welding voltage and wire
feed rate (or current) as well as rate of current increase.

The welding current has a significant influence on weld penetration. The penetra-
tion increases with welding current. A high current is also associated with a high
wire feed rate, and thus a higher wire deposition rate.

A higher welding voltage gives a longer arc length and thereby a wider weld bead.
Welding voltage also affects weld penetration. In short-circuiting arc welding,
arcing periods increase with welding voltage. Since the heat energy is mainly
supplied during arcing periods, the increase of arcing periods, therefore, leads to
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an increase of the heat input to the weld pool, and thereby increases the weld
penetration. However, in spray metal transfer, an increase of welding voltage
decreases the weld penetration [20].

Parameters for the torch movement:

Welding productivity is affected by welding speed. As high a welding speed as
possible should be used to improve the productivity. Welding speed also influences
heat input. Increased welding speed decreases heat input. When welding speed
decreases, the weld penetration and width increase. However, at an excessively
low welding speed, the weld pool will run ahead of the welding arc, causing tu<-
welding arc to burn directly on the weld pool, instead on the solid joint. '. a
result, a weld defect occurs.

The oscillation of welding torch is often used for filling pass and for ;••. • seam
tracking techniques using the change of the voltage during the WP <*•• i.g motions
as control signals.

5.2 Using Expert Systems Techr ,r...>gy to Gener-
ate Welding Procedures

The specification of a welding procedure often requires extensive knowledge and
experience about base material, welding process, fabrication codes and standards,
capability and performance of welding equipment, etc. However, many industries
have shortages of this required expertise. Furthermore, the procedure specifica-
tion is often a time-consuming process. For small-batch production, the time
consumed in the development of a welding procedure can significantly affect the
total productivity.

To solve the scarcity of the expertise and to improve the efficiency of the welding
procedure specification, extensive research efforts have been made to utilize com-
puter technology in this field during the last few years. A number of computer
programs have been developed for this purpose [15, 18, 23, 45, 88].

Among these computer programs, expert systems play an important role. Expert
systems technology is a result of artificial intelligence research [27], The expert
system stores and manipulates knowledge, duplicating the performance of a human
expert.
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5.2.1 Expert Systems

Definition and Structure

Expert system is also called knowledge-based system in some literatures. The
exploitation of expert systems technology in welding industries has a short history.
However, an expansion of the use of this technology is in progress.

Among the literatures, a number of definitions can be found such as:

• Harmon et al [28] defines an expert system as a program that manifests some
combination of concepts, procedures and techniques derived from recent AI1

research. These techniques allow people to design and develop computer
systems that use knowledge and inference technique to analyse and solve
problems.

• The British Computer Society defines an expert system as the embodiment
within a computer of a knowledge-based component from an expert skill in
such a form that the system can offer intelligent advice or take an intelligent
decision about a processing function.

• Reeves et al [65] defines an expert system as a computer program that uses
the knowledge underlaying human expertise to solve difficult problems. This
knowledge is usually highly specialized and is focused on problem-solving
skills in a narrowly denned subject area.

• Barborak et al [13] defines an expert system as a computer-based system
designed to simulate the knowledge and reasoning of a human expert and
makes that knowledge conveniently available to other people in a useful way.

In summary, an expert system should have the following general characteristics:

• An expert system stores and manipulates knowledge derived from one or
more human experts in a defined domain.

• An expert system offers intelligent advice or takes an intelligent decision for
the inquirer consulting the system.

• An expert system makes it possible for a non-expert to properly perform a
work that would require expert knowledge.

An expert system consists of four main parts, figure 5-4:

• Knowledge Base: contains the knowledge, such as facts and rules, that em-
bodies an expert skill.

1 Artificial Intelligence
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• Inference Engine: contains the inference and control strategies for manipu-
lating the knowledge in the knowledge base.

• KnjwUdgc Acquisition Subsystem: contains the methods of obtaining the
knowledge.

• User Interface: acts as an interpreter between the inquirer and the expert
system.

KNOWLEDGE BASE

[INFERENCE ENGIN

1

\

Knowitdgt
icqviiifion
subtyiUm

E \m
lr

Eiplintlion
ivbiriltin

Special
inUrti»

Ultr
inltilict

A

EXPERT OR
KNOWLEDGE ENGINEER

USER

Figure 5-4. An example of the structure of an expert system [28].

Knowledge Base

In AI, the term knowledge refers to a body of information about a particular topic
that is organized to be useful [28]. The knowledge can include verbal, graphic and
mathematical aspects. In expert systems, knowledge is encoded in the knowledge
base.

Knowledge can be broadly classified into two main types: public and heuristic
knowledge, according to the sources of knowledge utilized [65]. The public knowl-
edge is derived from publicly documented definitions, facts, rules and theories,
while the heuristic knowledge is derived empirically and based on observations or
experience. The heuristic knowledge is private and undocumented.

In a problem-solving process, two forms of knowledge can be distinguished: pro-
cedural and declarative knowledge. The procedural knowledge contains the de-
scription of the course of actions needed to solve a problem, while the declarative
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knowledge is the knowledge about the problem and is manipulated during this
course. Here we can see one of the main differences between expert systems and
conventional computer programs. In conventional programming, knowledge about
a problem and the procedures for manipulating that knowledge is mixed together.
When non-programmers look at the code for a computer application, they cannot
figure out how a solution is achieved. This means that the human expert must de-
pend on a programmer to express that knowledge correctly, making it impossible
for other experts to look at the problem to see what the developer assumed about
the problem [28, 81]. In order to solve a problem, a conventional programmer
may seek to reduce a problem to elements that can be expressed and manipulated
by an algorithm. In effect, this limits the domain of conventional computing to
problems that car. be exhaustively analyzed [28].

With expert systems, declarative and procedural knowledge are separated. The
declarative knowledge is encoded in the knowledge base, while the inference engine
takes care of the procedures of manipulating the knowledge. This separation of
knowledge overcomes the limitations imposed on the conventional programming.
It makes it possible for other experts to see what the developer of an expert
system assumes about a problem and to expand the knowledge in an existing
expert system.

The knowledge can be represented in a variety of ways, including [39]:

• Facts (statements).

• Rules (if-then rules).

• Objects.

Inference Engine

The inference engine contains the strategies for manipulating the knowledge in the
knowledge base. It works together with the knowledge base to produce an expert
solution.

In order for all of the knowledge in the knowledge base to be useful during inference,
the computer needs to know how to select the appropriate knowledge and when
to apply it. To do this, there is a computer program or algorithm called inference
engine.

The inference engine can be broken down into two parts: the control process and
inference process. The control process controls the order in which the rules are
fired, while the inference process matches patterns of words and phrases [13]. For
IF-THEN rules, the inference process invokes matching IF and THEN sides of
various rules looking for a successful match.
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Two different inference mechanisms can be identified: backward chaining and
forward chaining [28]. In backward chaining the system starts with the goal the
user has given and works backward via rules to determine if that goal can be
recommended. Ultimately the user is asked questions to provide the system with
the initial data it needs to qualify or disqualify a particular recommendation. In
forward chaining the systems must be provided initial data before they begin to
examine their rules. Given initial data, the system applies all the rules it can and
makes all the inferences it can. Then a second cycle begins in which any additional
rules that will fire based on the initial data plus the data from the rules that fired
during the first round are fired. The system keeps cycling until it has made all
the inferences it can. If it can infer that it should make some recommendation,
it does so. Most rule-based expert systems use either backward chaining, forward
chaining or a mixture of the two strategies in the inference engine.

The inference and control mechanism is in-build in an expert system building tool
(or shell). When you buy a shell, you buy an inference and control strategy. The
inference engine predetermines the way you must represent any knowledge put
into the system.

Knowledge Acquisition Subsystem

The knowledge acquisition subs) em contains the tools that a human expert,
knowledge engineer or software developer will use to create an expert system. It
is a program or a collection of programs that facilitates the creation of an expert
system.

The important facilities that the knowledge acquisition system should have include
the following [27]:

• Knowledge base creation: allows a developer to create knowledge bases.

• Explanations: allows a developer to include information that can be obtained
by the user if the user asks for a more elaborate explanation.

• How and why explanations: allows devlopers or users to know why a ques-
tion is asked by the expert system, when he or she is running the system.
The 'how explanation' facility allows users to ask the system how it reached
a particular conclusions.

• Inference tracing: allows developers or users to trace the list of the inferences
that the system has provided during a consultation.

•> Locating specific attributes: allows developers or users to identify every
reference to any particular attribute contained in the knowledge base.
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• On-line knowledge base editor: allows a developer to quickly examine and
change items contained in the knowledge base.

• Case saved: allows developers or users to store and retrieval cases the system
has evaluated.

• Screen format utilities: allows a developer to create a screen that the end
user will interact with.

User Interface

The user i iterface allows the user to communicate with the system. User interface
is usually required to provide the expert system with initial data to start the
inference process. User interaction may also be required during the inference
process when the inference engine finds that it cannot reach a conclusion because
of insufficient data.

The important facilities required for a user interface include [27]:

• Line/menu screen: allows a user to interact with the system via text format
or menu.

• Initial pruning: allows a user to quickly indicate which aspect of a problem
they wish assistance.

• Accepting multiple and uncertain answer: allows a user to provide multiple
or uncertain information.

• Graphics: allows a user to interact with the system via graphics.

Expert System Building Tools

An expert system is developed either v J t conventional programming language,
such as FORTRAN, PASCAL or an , .<> jamming language (also called sym-
bolic programming language), such a» / .'" PROLOG or expert system building
tools (or shell).

AI programming languages are easitr .> ise and requires less development time
than conventional languages when u*n f r the creation of an expert system. This
is because . .1 languages provide rul«^ uning and pattern matching as their fun-
damental control structures when cc i ntional languages' control structure consist
of sequential execution, conditional i» '.d looping structures [13, 28]

To program with either conventional • AI programming languages, the program-
mer must have extensive programmi: , »kills. This greatly limits the development
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of expert systems. To solve this problems, expert system building tools have been
developed. These tools make it possible for a person without the above mentioned
programming skill to create an expert system.

Expert system building tools can be classified into five main categories according
to knowledge representation techniques [28]:

• Inductive tools: generate rules from examples.

• Stmple rule-based tools:, use if-then rules to represent knowledge. They
are 'simple' in contrast to 'structured' rule-based system. Simple rule-based
tools lack context trees as well as some other editing features commonly
available in structured rule-based tools.

• Structured rule-based tools: offer context trees, confidence factor and more
powerful editor facilities.

• Hybrid tools: use object-oriented programming techniques to represent ele-
ments of each problem the system will work on as objects.

• Domain specific tools: are specifically designed only to develop expert sys-
tems for a particular domain. A domain specific tool could incorporate any
of the techniques listed above.

Applications of Expert Systems in Welding Technology

Most of the expert systems developed for use in welding technology concern the
following main areas [15, 17, 18, 65, 73, 87]:

• Engineering design.

• Cost and time estimation.

• Calculation of preheat temperature .

• Selection of welding consumables.

• Calculation of consumables consumption.

• Generation, storing and retrieval of welding procedures.

• Welder qualification.

• Metallurgical calculations.

• Calculation of deformation.

• Diagnosis of weld defects.
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• Process control.

Most of the expert systems are used either before or after the execution of welding
operation. The use of expert system during welding has been very rare. The
exploitation of expert systems technology in welding industries is in its infancy.

5.2.2 Developing an Expert System for the Generation of
Welding Procedures

In the following, the development of a prototype expert system for the genera-
tion of welding procedures is described. The main objective here is to extract
knowledge about how expert systems technology can be applied to solve a practi-
cal problem, rather than to develop a large expert system for the specification of
welding procedures for complicated applications.

5.2.3 Problem Description and Specification

As discussed earlier, the specification of a welding procedure is a time-consuming
process and requires extensive knowledge. It is thus desirable to utilize computer
technology in this field to improve the efficiency. It is obvious that the expert
systems technology would be superior to the conventional programming technique.

i initial
specifications

expert
system

welding
comsumables

joint
preparation

cleaning &
heat treatment

welding
parameters

Figure 5-5. Input and output of a procedure generating expert system.

A procedure generating expert system can be considered a system whose input
is the initial specifications and whose output is the specifications of welding con-
sumables, joint preparation, cleaning and heat treatment and welding parameters,
figure 5-5. Since the specification of a procedure has a modular structure, it is
thus natural and convenient to create a modular structured knowledge base in the
expert system, corresponding to the structure of the specification.
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It would be very difficult to develop an expert system that can generate welding
procedures for all kinds of welding applications. Therefore, it is necessary to,
in detail, specify the application domain of the expert system. Since this study
mainly concerns the methods for the application of expert systems technology,
rather than aims at developing a large expert system, the application domain and
constraints of the expert system to be developed are defined by:

• Wtiding process: short arc welding process.

• Welding system: the experimental robotic welding system, which consists of
a six-axis industrial robot ABB 2000, transistorized welding power source
ESAB LAK 500R integrated with the robot, and a two-axis servo-controlled
positioner Orbit 500 with fixtures.

• Welding consumables: commercially available consumables.

• Base material: mild steel.

• Material thickness: 2 and 3 mm.

• Joint type: I-joint.

• Joint surface condition: clean, no coating.

• Welding position: flat welding position.

• Quality specification: quality class defined according to the Swedish stan-
dard SS 06 66 01. No metallurgical and mechanical aspects of a weld are
concerned.

5.2.4 Knowledge Acquisition

After the domain and constraints for the application of an expert system have been
defined, the next step is to collect or acquire sufficient knowledge required for this
specific application. There are a number of sources for obtaining knowledge, e.g.:

• Relevant experts.

• Documentations (handbooks, articles, etc).

• Experimentation.

• Own experience and knowledge.
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After the knowledge has been acquired, it is important to examine if the available
knowledge is sufficient and relevant. If the available knowledge is not sufficient,
additional experiments must be conducted to obtain more knowledge. Here it
must mentioned that the experiments should be conducted with a welding system
and material that have same characteristics as the one that the expert system is
intended to apply to so that the knowledge obtained is relevant.

The available knowledge for this specific application can be briefly examined in
the following:

Welding consumable:

For welding mild steel, the wire electrode is ESAB OK Autrod 12.51.

The main commercially available shielding gases for short-arc welding of mild
steel is shown in table 5-1. The basic shielding gas is Atal or Fogon with the
composition of 80% Ar+20%CC>2- The other variants of gas mixtures have similar
welding properties with slight differences. The slight addition of NO in Mison-
gases reduces ozone contents and thereby improves the working environment for
the workers, whilst the slightly higher contents of CO2 in Mison 25 improves the
fluidity of the weld pool and thereby the weld metal profile is less convex, but the
amount of metal spatter increases slightly [5]. Carbon and Teral also improves the
weld metal profile and reduces metal spatter.

The selection of shielding gas is sometimes limited by the welding power source
used. In the welding power source ESAB LAK 500, there are totally 16 in-build
synergic programs. The programs developed for short-arc welding are intended
for 80%Ar+20%CO2 and CO2. Therefore, for this specific application and the
welding power source, Fogon 20, Mison 20 and Atal should be recommended.

Joint preparation and run sequence:

Since thin plates are concerned, cnly one welding pass is required and backing
support should be used. The important joint preparation parameter is the joint gap
and its tolerance. The allowable joint gap and its tolerance should be determined
by experimental tests. But at the initial stage, close joint gap is recommended for
2 mm plate, while a small joint gap of 0.5-1.0 mm for 3 mm plates.

Cleaning and heat treatment:

Since the plate does not contain excessive contaminating substance, cleaning of
the joint edge would be unnecessary. Pre-heating and post-weld heat treatment is
not necessary owing to the good weldability of mild steel, particularly thin mild
steels containing less than 0.2% carbon.

Welding parameters:

For welding mild plates of 2 and 3 mm, wire diameter of 1 mm can be used.
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Table 5-1. The commercially available shielding gases for short-arc welding of
mild steel.

Type

Fogon 20
Mison 20
Mison 25
Carbon
CO2

Atal
Teral

Composition

Ar+20%CO2

Ar+20%CO2+max. 0.03%NO
Ar+25%CO2+max. 0.03%NO
Ar+5%C02+5%02

co2
Ar+20%CO2

Ar+5%C02+5%02

Supplier

AGA
AGA
AGA
AGA
AGA. AL FAX
ALFAX
ALFAX

The flow rate of shielding gas can be chosen between 10-15 1/min, depending on
the diameter of the gas-nozzle.

For welding at the flat welding position, the torch advance angle should be within
15° from the normal position, with the normal position being optimal. This torch
angle has no significant effect on weld metal penetration. However, pushing weld-
ing technique should be avoided since it results in more metal spatter.

The torch transverse angle should be 0° in order to obtain a symmetric weld metal.

The conduct tube-to-work distance should be within 10-15 mm for short-arc weld-
ing. Too short distance increases the risk that the wire tip burns back onto the
contact tube, whilst excessive distance will increase the wire deviation.

The rate of current increase is not a variable here, since it is pre-determined by
the synergic welding program of the power source.

The qualitative knowledge about welding voltage, wire feed rate/current and weld-
ing speed has been discussed earlier. However, the quantitative knowledge for this
specific application is not available. Therefore, additional experiments are neces-
sary to obtain this required knowledge. The following methodology can be used
for this purpose:

1. To determine a stable operation zone for the welding voltage and wire feed
rate (or current).

2. To determine tolerance areas for '.he welding speed and wire feed rate for a
given joint fit-up and quality level.



101

Stable Operation Zone

As discussed earlier, welding voltaga and wire feed rate (or current) have a sig-
nificant effect on process stability. By varying the voltage and wire feed rate, we
can obtain a diagram describing how the process stability is influenced by the
various combinations of welding voltage and wire feed rate. Figure 5-6 shows such
a diagram.

wire teed rate (m/mln)

28 ~

26 -

24 -

22 _

zo •

18 -

16 ~

14 -

2.0 2.5 3.0
1 1 1

zone 5

33 4.0
I f

^ ^

zone 4

^ <

zone 1

A3
1

zone 2

5.O 55 6-0 65
r i i

zones

SO 90 10O 110 120 130 140

currant (Amp)

15O 160 170

Figure 5-6. The influence of welding voltage and wire feed rate (or current) on
ore stability. See Table 5-1 for the description of the various zones.

Within the tested range of wire feed rate there exists a minimum voltage for each
wire feed rate, under which the welding arc is unstable; much metal spatter results
and the arc was frequently extinguished (zone 1). This critical voltage increases
with increased wire feed rate (or current). When the voltage is about one or two
volts above the critical value, the arc stability is best (zone 3). Between zone 1 and
3, there is a transition zone, i.e. zone 2. When the combinations of wire feed rate
and voltage are within zone 2, the arc is stable, but instability can occur. In zone
4, the arc stability is somewhat deteriorated; metal transfer frequency is lower
than in zone 3 and the size of transferred metal drop is larger. The weld bead
appearance is also slightly deteriorated. In zone 5, the metal transfer frequency is
very low and the sizes of the transferred metal drops are further increased. The
irregularity of arcing times further increases. In this zone rather a lot metal spatter
is produced. When the voltage is about 7-9 volts above the critical voltage, the
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arc length becomes so large that the burning of the electrode wire onto the contact
tube frequently occurs.

Table 5-2. A summary of the influence of vnre feed rate (or welding current) and
voltage on arc stability (see also figure 5-6).

zone
1
2
3
4
5

Welding process characteristics
metal spatter
1
3
5
4
3

arc sound
1
3
5
3
2

weld bead appearance
1
4
5
4
3

Scale: 1 (poor) — 5 (good)
Poor = great amount of metal spatter, irregular arc sound
and bad weld bead surface apperance.
Good = small amount of metal spatter, regular arc sound
ans satisfactory weld bead surface apperance

Table 5-2 summarizes the characteristics of the welding processes when the com-
binations of the wire feed rate and voltage are in various zones. If the process is
judged merely based upon the the weld bead surface appearance, zone 2, 3 and 4
are acceptable. However, if the process is judged upon metal spatter, arc sound
and weld bead appearance, then only zone 3 is acceptable. For the quality assur-
ance, zone 3 should be chosen. This stable operation zone can be approximately
expressed as:

Umin = 0.093 7 + 7.26

Umax = 0.093 7 + 8.26

(5.1)

(5.2)

or

Umin = 1.86 • Wj + 10.78

Umat = 1.86 Wj-r 11.78

where Umin — minimum voltage [V]
Umin — maximum voltage [V]
/ — current [A]
Wj — wire feed rate [m/min]

(5.3)

(5.4)
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Wiien the wire feed rate and the voltage satisfy this relationship, the process
stability is ensured. The optimal relationship between welding voltage and wire
feed rate (or current) can be defined by a line in the middle of the area:

Uopt = 1.86- W> + 11.28 (5.5)

or

Uopt = 0.093 • / + 7.76 (5.6)

where Uopt is optimal welding voltage.

The optimal relationship between wire feed rate/current and welding voltage is
always used in further tests.

Quality Tolerance Area

In practice, weld quality is often specified in accordance with fabrication standards
and codes. The Swedish standard concerning the weld quality is SS 06 61 01, where
the fusion welds in steel are classified into four groups WA, WB, WC and WD
with the WA being the highest quality class. The weld class WA, however, requires
post-weld working such as grinding the excessive weld metal. For welds that do
not require post-weld working, WB is the highest class.

This standard, like some other weld quality standards, is mainly designed for base
materials with a thickness of no less than 3 mm. This standard is used in this
study, mainly for the purpose of exemplifying the methodology shown below.

By varying welding speed, wire feed rate (or current) and voltage, we can obtain a
tolerance area for various quality levels for a given joint preparation. It should be
noted that the relationship between welding voltage and wire feed rate (or current)
is always denned by equation 5.5 and 5.6 tc ensure a stable welding process. Figure
5-7 shows the quality tolerance area for I-joint of 2 mm with close joint gap.

As it can be seen, for each current or wire feed rate there exists a minimum
welding speed. If the welding speed is less than this critical speed the plate is
burned through. The burning-through is caused by excessive heat input. This
critical welding speed increases with increased current.

When the welding speed is above the critical speed there is no burn-through.
However, the root reinforcement decreases with increased welding speed. When
welding speed exceeds a certain value, the heat input becomes insufficient to melt
through the plates and defects — inadequate joint penetration — are caused.
When the current exceeds 170 A it is very difficult to obtain a weld of any quality
class.
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Figure 5-7. Quality tolerance area for welding I-joint of 2 mm thickness with
close joint gap.

With a welding current less than 130 A, three quality classes, i.e. WB, WC and
WD, are obtained with different welding speed. Quality class WC is obtained
because of excessive weld metal, while WD is due to partially inadequate joint
penetration.

The main advantages of the quality tolerance areas are that the interrelationship
between the combinations of wire feed rate /current, voltage and welding speed
and the quality of the weld are clearly seen. The highest possible welding speed
can be determined by this diagram.

Figure 5-8 shows the quality tolerance area for I-joint of 2 mm with a joint gap of
0.5 mm. For this joint preparation only quality class WB and WD are obtained.
Compared with figure 5-7, it is seen that for a given quality class and welding
current, slightly higher welding speed can be used when there is a slight joint gap.
This is because that a slight joint gap helps the weld pool penetrate down towards
the joint bottom. When a joint gap is larger than 0.5 mm, it is difficult to weld.
In practice, 0.5 mm is the maximum allowable joint gap for 2 mm plate.

If we combine figure 5-7 and 5-8, we obtained a quality tolerance area for a joint
gap varying from 0 to 0.5 mm, see figure 5-9. With this quality tolerance area, an
optimal operation line can be defined as the line in the middle of the overlapping
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Figure 5-8. Quality tolerance area for welding I-joint of 2 mm thickness with a
joint gap of 0.5 mm.

area, i.e.:

(7 = 80-110 [A]) (5.7)

= 0.17-7-13.2 (7 = 110 - 160 [A]) (5.8)

where Vopt is the optimal welding speed.

Figure 5-10 shows the quality tolerance area for welding an I-joint of 3 mm plate. It
is desirable to have a small joint gap in order to increase welding speed. However,
when the joint gap is larger than 1.5 mm, it is very difficult to weld without causing
burn-through. This means that in practice the maximum allowable joint gap is 1.5
mm. Similarly, based on the quality tolerance of figure 5-10, an optimal operation
line for the joint preparation with a gap varying from 0.5 to 1.5 can be denned as
follow:

(7 = 100 - 150 [A]) (5.9)
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Figure 5-9. Quality tolerance area for welding I-joint of S mm thickness with
joint gap from 0 to 0.5 mm.

5.2.5 Knowledge Representation

The way to present knowledge in an expert system is predetermined by the expert
system building tool to be used. In EPITOOL, which was used in creating this
expert system, the knowledge is mainly represented in forms of objecUattribute-
value triplets and rules. Objects may be physical entities or conceptual entities.
Attributes specify the properties associated with objects, while the values specify
the specific nature of an attribute in a particular situation. For instance, a joint
can be an object. It may have attributes such as thickness, joint type, joint gap.
The values for thickness may be from 1 to 6 mm and values for joint gap may vary
from 0 to 3 mm. Depending on the problem domain the expert system is going to
work on, some values need to be given by the user and others are determined by
rules. For instance, the rule for determining shielding gas can be written as:

IF the joint material is mild steel
THEN the shielding gas should be 80%Ar/20%CC>2

Here, the value of joint material needs to be provided by the user or other rules.

In EPITOOL, the modular structure can be managed by the use of ruleset or
module. However, in EPITOOL it is not efficient to represent graphical information
like figures 5-6 to 5-10. To be able to represent the graphic knowledge, the graphic
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knowledge must be able to be represented in the form of mathematical equations.

It is generally not a very difficult task to put the knowledge into an expert system.
What is the most important is that the knowledge acquired must be of high quality.

5.3 Conclusions

A controlled welding process requires a satisfactory welding procedure. For the
welding of thin mild steel plates, the most important variables are joint prepa-
ration parameters and welding parameters. To be successful for a robotic arc
welding where no adaptive control mechanism is available, the joints should be
consistently prepared and the process should be stable and have a low sensitivity
to the variation of joint path and fit-up by proper selection of welding parameters.

The methodology presented in this chapter provides a way for the selection of op-
timal welding parameters, where productivity aspects are also taken into account.

The knowledge required for the specification of welding procedures can be repre-
sented in an expert system. The main advantages of such an expert system are
that the time spent on the welding procedure specification can be greatly reduced
and thereby increasing the total productivity and that satisfactory welding proce-
dures can be made without the need of extensive knowledge of the personnel since
the expert system stores and manipulates the expertise.

However, the quality of the generated welding procedures is determined by the
quality of the knowledge represented in the expert system. The application domain
of the expert system should be well defined so that proper applications of the
system can be ensured. The knowledge acquisition and domain definition are vital
for the successful application of this technology.



6 Process Analysis and
Monitoring

6.1 Definition of Process Stability

To ensure weld quality the welding process must be stable, i.e. the characteristics of
the welding process should not change during welding in an uncontrolled manner.

In manual welding the stability of a welding process is evaluated by the welder.
The welder's assessment is often based on the sound emitted during welding and
the visual observation of the welding arc behaviour, the weld pool behaviour, metal
spatter and the appearance of the resulting weld. The welder uses the arc sound
to evaluate the metal transfer characteristics, since every short-circuiting produces
a sharp sound [57]. A short-arc welding process is normally considered stable if
the fallowings are achieved:

• The weld produced has a regular surface appearance.

• The sound emitted is regular.

• The amount of metal spatter is minimum.

The more easily these criteria are satisfied, the more stable the welding process is
normally considered.

It is obvious that this assessment of arc stability1 by a welder is subjective and
may be different for different welders. The assessment is more meaningful if the
welder is more experienced and skilled [54].

However, many industries lack experienced and skilled welders. This implies in-
creased risks for unstable welding processes and thereby defective welds. To solve
this problem, research studies have been conducted by a number of researchers to

1 Arc stability and process stability are used as synonyms in this thesis.
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find a more objective method for the assessment of arc stability through the statis-
tical analysis of the electrical signals of the welding arc [25, 46, 54, 44, 66, 72, 90].
Nevertheless, to the author's knowledge, a clear definition of process stability does
not exist. It is not clear if different researchers have the same interpretation of the
concept. This may be one of the reasons that different researchers use different
parameters for the assessment of arc stability. For example, Lucas [46] uses the
standard deviation of peak current, while Liu [44] uses the metal transfer rate as
the parameter for the assessment of arc stability.

In GMA welding, the process has two primary objectives. One is to generate heat
energy for melting the base material and the other is to transfer the filler wire
to the weld pool. In the welding arc, the electrical energy is converted into heat
energy. In order to obtain a regular w 'd metal geometry and weld penetration the
generation of heat energy must be regular during the welding process. Since the
transferred material also contains heat energy, this heat energy is released into the
weld pool, contributing to the melting of the base material and forming the weld
metal. A regular weld metal geometry requires a regular metal transfer during the
process.

In summary, a welding process should be characterized by a regular heat energy
generation and metal transfer during the process in order to achieve a regular weld
metal geometry. Therefore, arc stability or process stability can be defined as:

The capability of an arc welding process to maintain the regularity of
the heat generation and metal transfer.

6.2 Variables for Statistical Studies

The electrical waveform of a welding arc provides opportunities for the study
of heat generation and metal transfer in the welding arc. F>r:;.' 6-1 illustrates
the electric waveform of a short-arc welding. For an ideally sta >le welding arc,
the electrical waveforms of the arc current and voltage should be possible to be
subdivided into a number of repeated cycles of exactly the same type. However,
in reality, such an ideally stable welding process can not be obtained. Variations
always exist and are unpredictable. Since the variations are unpredictable, the
most suitable method for the study of the regularity of heat generation and metal
transfer should be statistical analysis of the electrical signals. Statistically, the
standard deviation can be used for measuring the regularity of any varying signal
that represents a variable.

From the electrical waveform, it can be seen that the heat energy generated in the
arc, p, at any moment, t, is

i(f )•«(<) (6.1)
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Figure 6-1. The electrical waveform of a short-arc welding process.
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where p — arc power [W]
i — current [A]
u — voltage [V]
t — time [s]

From figure 6-2, it can be clearly seen that the heat energy is mainly generated
during the arcing periods in short-arc welding process. The heat generated during
an arcing period, /»„, and during a short-circuiting period, h,, can be expressed

-L" ' ia(t)ua(t)dt (6.2)
o

respectively

rt.o+t.

/

• I . O + I .

.0

(6.3)

where ha — arcing energy [J]
h, — short-circuiting energy [J]
t4 — current during arcing periods [A]
ua — voltage during arcing period [V]
ta0 — time when the arcing period starts [s]
ta — length of the arcing period [s]
J, — current during short-circuiting period [A]
u, — voltage during short-circuiting period [V]
t,o — time when the short-circuiting starts [s]
t, — length of the short-circuiting period [s]

The standard deviation of arcing energy, ff(ha), is thus a parameter measuring the
regularity of the heat generation during arcing periods. Similarly, the standard
deviation of short-circuiting energy, o{h,), measures the regularity of the heat
generation during short-circuiting periods. For an ideally stable welding process,
both o{ht) and e{h,) would be equal to zero.

Suppose the welding speed is v, then the total amount of heat energy generated
over a unit length of weld, i.e. the heat input, h,, is:

i{t)u{t)dt (64)
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where hi — heat input to the base material [J/mm]
» — current [A]
u — voltage [V]
io — initial time [s]
v — welding speed [mm/s]

Therefore, the standard deviation of heat input, <r(/>,), can be used to measure the
regularity of heat energy generation over the weld length. For an ideally stable
welding process, <r(h,) should also be equal to zero.

In short-arc welding, the transfer of the filler wire takes place during the short-
circuiting periods. During the arcing period, the wire tip is melted and a molten
metal droplet is formed. The melting rate of the filler wire is determined according
to equation 2.1. The volume of the molten droplet, I/J, can thus be expressed as:

Ud= f" '(dia + dleiDdt (6.5)
Jt.o

The droplet size is mainly determined by the behaviour of the current and the
length of arcing period. The heat energy contained in the droplet is proportional
to the size of the droplet. Therefore, a regular transfer of metal droplets of identical
size is desired in order to obtain a regular weld metal geometry.

From equation 6.3 it can be seen that the arcing energy is affected by both the
behaviour of the welding current and the length of the arcing period. This may
imply that there exists an inherent relationship between the regularity of the heat
generation during the arcing period and the regularity of the droplet size and
transfer time interval.

The time interval between two subsequent metal transfers is the arcing time, !„,
while the length of short-circuiting metal transfer is the short-circuiting time, t,.
Therefore, the standard deviation of arcing time can be used as the parameter for
measuring the regularity of metal transfer intervals and the standard deviation of
short-circuiting time measures the regularity of metal transfer time. For an ideally
stable welding process, both <r(ta) and <r(t,) should also be equal to zero.

To summarize, the author uses the following main variables for the statistical
studies for the determination of process stability:

• Standard deviation of arcing energy, <r(/»a).

• Standard deviation of short-circuiting energy, ff(h,).

• Standard deviation of heat input, <r(/i,).
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• Standard deviation of arcing time, cr(ta).

• Standard deviation of short-circuiting time, <r(t,).

6.3 The Experimental Set-up

The current is measured by a hall-effect current sensor, which is mounted around
the welding torch. The welding voltage is sensed between the fixture and the wire
electrode at the wire feeder, which is fed into the contact tube. The analogue
signals are converted into digitals by a fast A/D converter and then recorded in a
PC memory, figure 6-3.

contact
tube \

E

current sensor

T^J j

\ Filer

1
/ \

workpiece f > , u r e

_____

A/D

Figure 6-3. The simplified illustration of the experimental set-up for the acquisi-
tion of the electrical signals of a welding arc.

It is desirable to use highest possible data sampling rate so that the difference
between the analogue and digital signals is minimum. However, high sample rate
increases the amount of digital data, which, in turn, demands a higher computing
capacity in order to reduce the time consumed in the processing and analysis of
the data. Therefore, in practice, a relatively low sample rate can be used without
a significant lose of the information of interest.

For a computer system to distinguish arcing and short-circuiting time, a reference
voltage, 12 Volts, is defined, figure 6-4. The arcing time is defined as the time
period when the sampled voltage signals is larger than »he reference voltage, whilst
the short-circuiting time is the time period when the voltage signals are equal or
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less than the reference voltage. Suppose a sample rate with sample interval of 6 is
used, there is a risk that en event lasting no longer than the sample interval may
not be registered in the sampled data. For example, if a sample interval of 0.25
ms, i.e. 4 KHz sample rate, is used, there is a risk that a short-circuiting period
lasting no longer than 0.25 ms may not be registered. Furthermore, owing to this
effect, the arcing time calculated according to the sampled data can b>* longer than
the real arcing time, figure 6-4.

However, for the calculation of standard deviation of both arcing time and short-
circuit time and PCP analysis which will be discussed later, it is found that the
choice of sample rate has no significant influence on the results when the sample
rate is between 2 and 8 KHz, if the sampling time is sufficiently long, about 5 s.
However, the maximums, minimums and means of arcing and short-circuiting time
are slightly influenced. These values tend to decrease as the sample rate increases.

This is because that as sample rate increases, shorter short-circuiting and arcing
periods can be detected. In this study, 4 KHz sample rate is used.

' ' Voltage
short-circuiting period

Reference voltage shorter than sample interval

t. Time

Figure 6-4. The definition of arctng time and short-circutting ttme and the
influence of sample rate on the values of these two variables.

The sampled data is then analysed. The main analytic programs are WSA and
MATLAB. WSA (Welding Signal Analysis) is written in Pascal by the author [89],
with the following main functions:

• Statistics.

• Display waveform.

t Plot one parameter vs. another.

• Histograms.



116 CHAPTER 6. PROCESS ANALYSIS AND MONITORING

6.4 Process Analysis Based on Statistical Stud-
ies

In short-arc welding, the welding voltage has a significant influence on the arc
stability. By varying the voltage, welding processes with different characteristics
are obtained. Table 6-1 shows some characteristics of the welding process at vary-
ing welding voltages, based on subjective evaluation. The other parameters are
constant, table 6-2.

Table 6-1. Subjective evaluation of process stability.

voltage
(V)
16.5

17

17.5
18
18.S
19
20

21

22

arc sound

very irregular
many explosive
founds
very irregular
many explosive
sounds
irregular
rather regular
regular
regular
regular, but
lower frequency
rather irregular
and low frequency
irregular and
very low
frequency

metal spatter

a great amount

a great amount

rather much
occasional
minimum
minimum
minimum

a small amount

a tmall amount

weld bead
appearance
severe

severe

bad
good
satisfactory
satisfactory
good

not so
satisfactory
not satisfactory

conclusion:
arc stability
very bad

very bad

bad
rather good
satisfactory
satisfactory
acceptable

not so
satisfactory
not satisfactory

Table 6-2. The constant parameters used for the subjective evaluation of process
stability.

shielding gas

wire diameter

wire feed rate

contact tube-to-work distance

welding speed

welding

80%Ar/20%CO2

1.0 mm

4.1 m/min

12 mm

5 mm/s

bead-on-plate

According to the subjective judgement, the stability is acceptable when the voltage
is between 18 and 20 volts and the process is optimal when the voltage is between



Ill

18.5 and 19 volts. With insufficient voltage, the process becomes unstable and the
instability is mainly characterized by a great amount of metal spatter, severe weld
bead appearance and very irregular and explosive arc sounds. With excessive
welding voltage, the process instability is mainly characterized by irregular arc
sound with low frequency and unsatisfactory weld bead appearance as well as an
increased amount of metal spatter.

Figure 6-6(a)-(c) show the standard deviations of arcing energy, <r(ha), short-
circuiting energy, a{h,) and heat input, ff(/»,), for the analysis of the regularity of
heat energy generation in the process. As the welding voltage increases from 16.5
to 18.5 volts, all three standard deviations decrease rapidly and reach minimums at
18.5 volts. This indicates that the regularity of the heat generation in the process
increases with increased welding voltage. When the welding voltage increases
further, both tr(ha) and cr(h,) increase, while tr(h,) remains almost constant. This
indicates that when the voltage is larger than 18.5 volts, the heat generation
during the short-circuiting period is much more stable than the heat generation
during the arcing period. The influence of welding voltage on the regularity of
heat generation can be more easily seen if cr(ha) is plotted against <r{h,), figure
6-5(d). When the welding voltage increases up to the optimal welding voltage,
i.e. 18.5 V, both tne standard deviation of arcing energy and short-circuiting
energy decrease, indicating improved regularity of heat generation in the process.
When the welding voltage increases from the optimal one, it is mainly a(ha) that
increases.

Therefore, according to these three standard deviations it can be concluded that
the heat generation in the process is opt-mal at 18.5 volts. Among the three
parameters, the standard deviation of arcing energy should be the most suitable
parameter for indicating the regularity of heat generation, since it shows more
clearly a minimum value than either ff(ht) or <r(/tj).

Figure 6-5(e) and (f) show the standard deviation of arcing time, <r(ta) and short-
circuiting time, <r((j). Similarly as the voltage increases from 16.5 volts to 18.5
volts, both <r(ta) and a(t,) decrease rapidly and reaches minimums at 18.5 volts,
indicating that the regularity of metal transfer increases. As the voltage further
increases, <r(ta) increases, while a{t,) remains almost constant. This implies that
with large voltage, the length of short-circuiting period is more stable than the
length of arcing period. If we plot <r(t0) against a(t,) the influence of welding volt-
age on the regularity of metal transfer can be more easily seen, figure 6-5(g). As the
welding voltage increases up to the optimal voltage, both the standard deviation
of arcing time and short-circuiting time decreases, indicating more regular metal
transfer. When the welding voltage deviates from the optimal one and increases,
the metal transfer becomes less regular mainly due to increased irregularity of the
arcing time.

According to the standard deviation of arcing time and short-circuiting time, the
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Figure 6-5. The statistical analysis of electrical signals of a short-arc welding.
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regularity of metal transfer is optimal at 18.5 volts of welding voltage. Since the
standard deviation of arcing time shows more clearly a minimum value than the
standard deviation of short-circuiting time, the standard deviation of arcing time,
<T(<0), should be a more suitable parameter for the measuring of the regularity of
metal transfer in short-arc welding.

If we plot a{ta) against a{ha), figure 6-5(h), we can see an inherent relationships
between the regularity of heat generation and the regularity of metal transfer.
The regularity of heat generation increases or decreases with increased or de-
creased regularity of metal transfer. As the voltage decreases, the process stability
improves and both <?((„) and <r(ha) decrease. When the process stability is opti-
mal at 18.5 volts, both <r(ta) and <r(ha) are minimum. When the voltage further
increases, both tr{ta) and ff{ha) also increase. A similar relationship is also ob-
tained between <r(h,) and <r(t,). This inherent relationship has been verified by
the analysis of the electrical signals of a large number of electrical arcs. Two other
statistical analyses are shown in figure 6-6 and 6-7 with different wire feed rates
and shielding gases.

In summary, there is an inherent relationship between the regularity of heat energy
generation and the regularity of metal transfer in the short-arc welding process;
the regularity of heat generation increases (or decreases) with increasing (or de-
creasing) regularity of metal transfer. The optimal process stability is achieved
when the standard deviations of heat generation and metal transfer are minimum.
Either the standard deviation of arcing time, <?(<„) or arcing energy, a(ha), can be
used as the parameter for the objective assessment of process stability in short-arc
welding.

6.5 Determination of Optimal Process Stability

In section 6.4, the electrical waveforms of short-circuiting welding arcs have been
statistically studied. It is found that either the standard deviation of arcing time,
ff(ta) or arcing energy, <r(ha), can be used as the parameter for the objective
assessment of process stability in short-arc welding.

It is obvious that the measuring of arcing time, ta, is easier than the measuring of
arcing energy, ha. The former can be easily determined according to the voltage
signals measured during welding, while the latter requires both voltage and current
signals. Therefore, the standard deviation of arcing time should be a more suitable
parameter for the determination of process stability: an optimal short-arc welding
process stability is characterized by a minimum standard deviation of ar.-ing time.

This method has a great value in practice for the development of optimal welding
parameters during the phase of welding procedure specification. Figure 6-8 shows
the optimal welding current and voltage determined according to the standard
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Figure 6-6. The statistical analysis of the electrical signals of a welding arc in
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deviation of arcing time. It is clearly seen that the conclusions based on this
method matches well with the subjective assessment of the process stability.

2.0 23

wire feed rats (m/mln)

3.0 3.5 4.O 4.5 5.0 S.5 6 .0 6.5

28 ~

26 -

24 -

as. 22 -

I" 20
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zone 2
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8O 90 1OO 110 12O 130

currant (Amp)

14O 15O 160 170

Figure 6-8. The optimal welding current and voltages can be determined accord-
ing to the standard deviation of arcing time. See table 5-2 for the explanation of
various zones.

It should be born in mind that since this method is based on the statistical studies,
to reach a reliable conclusion about the process stability requires a large number
of arcing times, which in turn requires a long measuring time. Five seconds of
measuring time is required, but longer measuring time is preferred.

Furthermore, this method is based on comparisons. This means that in order to
find out an optimal process stability, a large number of welding tests must be
carried out with different combinations of welding parameters and among these
tests the process which gives the minimum standard deviation of arcing time is
considered optimal.

6.6 Process Characteristic Picture

The statistical method developed in section 6.4 is however not efficient for the
monitoring of the welding process. This method describes only the welding process
as a whole. With this method the disturbance of process stability during the
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welding process is not easy to detect. For instance, if a stable welding process
is disturbed during a short time period, say 1% of the total welding time, it will
be very difficult to detect this disturbance according to the standard deviation of
arcing time, since the difference between <r(ta) for this disturbed process and <r(ta)
for a stable process may be very small. Even if a large difference is detected, it is
difficult to locate where the disturbance has occurred and what is the cause. To
locate weld defects and to remove disturbing sources, it is necessary to know when
a quality disturbance occurs and what is the cause. In the following sections, a
better method is developed for the purpose of monitoring.

For the convenience of later discussions, the term — Process Characteristic Picture
(PCP) — is introduced here and is defined as a diagram where the preceding short-
circuiting time is plotted against the following arcing time.

Figure 6-9 shows the PCPs of short-arc welding processes with various character-
istics. The statistical analysis of the processes is shown in figure 6-5. It can be
seen that the PCP is quite different for processes with different characteristics.
When the process is optimal, the PCP is characterized by a concentrated distribu-
tion of arcing time and short-circuiting time, i.e. small variation ranges of arcing
and short-ciicuiting time, figure 6-9(e) and (f). As the process stability decreases
due to either decreased or increased welding voltage, the characteristics of PCP
change. When the welding voltage decreases and the process becomes unstable,
the variation ranges of both ta and t, become larger, figure 6-9 (d)-(a), which is
reflected on the increased standard deviations of arcing time and short-circuiting
time, figure 6-5. However, when the process is disturbed by increased voltage,
the alteration of the PCP is quite different from that when the voltage is de-
creased; the variation range of short-circuiting time remains almost constant, but
the variation range of arcing time becomes longer, figure 6-9(g) and (h), reflected
on the increased standard deviation of arcing time but almost constant standard
deviation of short-circuiting time.

The change of the characteristics of the PCPs is more easily seen if a model is used,
figure 6-10, where the ta —t, coordinate is divided into four areas by two parameters
— to e and t,c- For the PCPs shown in figure 6-9, the tac and t,c can be chosen
to be 35 ms respectively 8 ms. When the process is optimal, all the (ta,t,) points
are distributed within area I, figure 6-9(e) and (f). As the process characteristics
change by increasing the voltage, the PCP changes and is characterized by some
of the points (ta,i,) moving into area II, while no short-circuiting times exceed
the critical value of 8 ms. In reality, it can occur that even when the welding
voltage is optimal, some (ta,t,) points may be distributed in area III or/and IV if
the process is disturbed by e.g. unclean workpiece, fluctuation of wire feed rate.
It should be noted that in this study only three factors are examined: welding
voltage, wire feed rate and shielding gas efficiency, while all the other factors are
kept constant. Under this condition, it is shown by the tests that the maximum
percentage of short-circuiting times that are longer than t,e and of arcing times
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Figure 6-9. PCPs of processes with different characteristics when the welding
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that are larger than tac is less than 1% respectively 3% when the voltage is optimal
or larger than the optimal value.

The more unstable the process becomes due to increased voltage, the more (ta,t,)
points move into area II.

lii

Area 1

IV

II

ttc

tac

arcing tim» (ms)

Figure 6-10. The model for the description of the change of the characteristics
of PCP with varying welding voltage.

When the process becomes unstable due to insufficient voltage, some (ta,t,) points
enter both area III and IV. Some points may also enter area II. The more unstable
the process becomes, the higher the percentage of (ta,t,) points that are dis-
tributed outside area I. There is a correlation between the (ta, t,) points in area
III and IV and the amount of metal spatter; the more metal spatter, the more
('«.*<) points in area III and IV.

It has been verified that the change of PCP shows the same pattern as in figure
6-10 when welding voltage changes in short-arc welding, independent upon the
composition of shielding gas and wire diameter. The disturbance of other fac-
tors such as gas shielding, wire feed rate is also reflected on the change of the
characteristics of PCP, figure 6-11 and 6-12.

Therefore, it can be concluded that PCP is a method for revealing characteristics
of a short-arc welding process and the disturbance of the process stability.

6.7 Detection of the Disturbance of Process Sta-
bility

Monitoring of a welding process involves the detection of undesired welding pro-
cess. This implies that in order to detect an undesired process condition we must
first know what a desired welding process should be. For quality assurance, an
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optimal welding process stability is desired. Therefore, in order to monitor the
stability of a welding process, we first need to determine the boundaries of Area I
of figure 6-10.

According to the author's investigation, the critical short-circuiting time, f,e, that
determines the maximum allowable short-circuiting time for an optimal process
stability, is not dependent upon wire feed rate, but is influenced by the composition
of shielding gas used and wire diameter. For 80% Ar/20%CC>2 and mild steel wire
of lmm in diameter, the critical short-circuiting time is 8 ms. For pure CO2 and
mild steel wire diameter of lmm, the critical short-circuiting time is 6 ms. This
figure is further influenced by the characteristics of welding power source [90]. The
critical arcing time, iac, that determines the maximum allowable arcing time, is
influenced by wire feed rate. tac increases slightly with increased wire feed rate.
For 80%Ar/20%CC>2 and mild steel wire diameter of lmm, tac lies between 30
and 45 ms. For a given wire feed rate, the maximum allowable arcing time can be
statistically determined when the process is optimal.

After the boundaries of area I are determined, the change of the process stability
from the desired one will be easy to detect. The process stability can be considered
disturbed if (ta,tt) points pass the boundaries of area I. The process stability can
be disturbed by a number of factors such as the variation of welding voltage, wire
feed rate and the disturbance of the gas shielding. When the stability is disturbed
due to the variation of welding voltage, the change of PCP has been described in
section 6.5.

The variation of wire feed rate influences the characteristics of PCP in the same
manner as the disturbance of welding voltage, but at the opposite direction. This
means that the increase (or decrease) in wire feed rate has the same effect on the
characteristics of PCP as the decrease (or increase) of welding voltage, figure 6-11.

The disturbance of gas shielding is also reflected on the changes in the PCP, figure
6-12. When a stable welding process is disturbed due to disturbed gas shielding,
some [ta,i$) points will be located outside areal. However, the main part of those
points enter area III. Only a few (ta,tt) points may enter area II or IV.

Welding is a relatively slow process in relation to the metal transfer. This implies
that if only a few (<«,/,) points exceeding the boundary of area I, i.e. the process
instability lasts only a short time, the weld quality will not be significantly affected.
Statistically, if the percentage of short-circuiting time larger than the critical value
is less than about 2%, the percentage of arcing time exceeding the boundary is less
than about 5% and the maximum short-circuiting time is less than about 30 ms,
the weld bead surface appearance is generally not significantly influenced, though
the PCP deviates from the desired one. A short-circuiting period lasting longer
than 30 ms is often followed by arc extinction. The influence of welding voltage
on the above two variables is shown in figure 6-13. It is seen that the percentage
of short-circuiting time exceeding the stable area decreases rapidly as the welding
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voltage increases. The percentage of arcing time exceeding the boundary first
decreases slightly as the voltage increases and then increases rapidly when the
voltage is greater than 20 Volts.

Figure 6-13. The influence of welding voltage on the percentage of arcing and
short-circuiting time exceeding the stable boundaries.

In summary, the disturbance of process stability can be detected by analysing
process characteristic pictures. In practice, the process stability can be considered
disturbed when about 2% i, or 5% ta points pass the boundaries of the stable
area, i.e. area I. According to the tests made, about 100 pairs of arcing and
short-circuiting time are needed for a reliable conclusion about the disturbance of
process stability, which requires about 1-2 seconds measuring time.
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6.8 Diagnosis of the Causes of Process Instabil-
ity

6.8.1 Variation of Welding Voltage

It is important to detect process instability for the purpose of quality assurance.
Equally important is to identify the causes of the instability. Though the distur-
bance of process stability can be detected by the analysis of PCP, it is not likely
to reach a reliable conclusion about the causes of the instability merely based on
the analysis of PCP. For example, the PCP has same characteristics when wire
feed rate is increased and when welding voltage is decreased, compare figure 6-9
and 6-11.

In short-arc welding, a constant voltage power source is normally used. This type
of power source has the means to adjust its output voltage to a predetermined
value, i.e. welding voltage. This value is preset before welding by the operator
from the control panel of the power source, but can be changed if e.g. the voltage
variation in the power supply network varies excessively or the power source has
bad reproducibility. Since a constant voltage power source adjusts its output
voltage, the change of the welding voltage should be reflected in the voltage signals
during arcing periods. It should be possible to detect the change of the welding
voltage by the statistical analysis of the voltage signals.

In GMA welding, the filler wire is melted during welding and transferred into the
weld pool. The melting rate of the filler wire is mainly determined by the welding
current, equation 2.2. The wire melting rate increases with increased welding
current. Welding current is normally not an independent parameter, i.e. it can
not be predetermined before welding. However, the average welding current should
be mainly determined by wire feed rate. This implies that it should be possible to
detect change of wire feed rate by the statistical analysis of the current signals.

Figure 6-14 shows the change of welding voltage against the average of arcing
voltage3 and average current. It can be seen that as the welding voltage increases,
the average arcing voltage increases, but the average current remains almost con-
stant. The average arcing voltage, u7, is defined as:

U a t /n (6.6)

where va — arcing voltage [V]
n — number of the sample collected

3 voltage during arcing period
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Figure 6-14. Average arcing voltage, €J, (a) and average welding current, t,
as a function of welding voltage when wire feed rate is constant.

The average welding current is defined as:

(6.7)

Statistically, in order to make a reliable conclusion about the variation of the
welding voltage based upon the statistics of the voltage signals, about 1-2 second
measuring time is required. Longer measuring time is preferred.

According to the above analysis and section 6.6, the following conclusions can be
made:

• In short-arc welding, when the process stability is disturbed by the excessive
increase of welding voltage, the PCP is characterised by the fact that (ta, t,)
points will enter area II.

• In short-arc welding, when the process stability is disturbed by the excessive
decrease of welding voltage, the PCP is characterised by the fact that (<„, t,)
points will enter area III, or/and IV. Some points may also enter area II.
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• The average arcing voltage is sensitive to the variation of welding voltage.
It increases with increased welding voltage.

• The variation of welding voltage dose not significantly influence the average
of welding current.

On the other hand, the above conclusions can be used for the diagnosis of the cause
of the disturbance of the process stability. The following rules can be established:

Rule: IF

1. in the PCP some (about 5% or more of) (ta,t,) points enter area II and less
than 2% of ((„, t,) points are located in area III or/and IV,

2. the average arcing voltage has been increased,

3. the average welding current is not significantly affected.

THEN

• the desired process stability is disturbed;

• the cause is probably that the voltage has been increased.

Rule: IF

1. in the PCP some (about 2% or more of )(ta,t,) points enter area III, IV or
both,

2. the average arcing voltage has been decreased,

3. the average welding current is not significantly affected.

THEN

• the desired process stability is disturbed;

• the cause is probably that the voltage has been decreased.

6.8.2 Variation of Wire Feed Rate

Figure 6-11 shows the changes of PCP when the wire feed rate varies. It can be
seen that when the wire rate decreases, the variation range of arcing time becomes
longer, but the variation range for short-circuiting time is not changed. The PCP
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Figure 6-15. Average arcing voltage (a) and average current (b) as functions of
wire feed rate with constant welding voltage.

has the same characteristics as a PCP with excessive welding voltage, compare
figure 6-9. When the process stability is disturbed by increasing wire feed rate,
some (ta,t,) enter both area III or IV or both the two, and the PCP shows the
same characteristics as a PCP with insufficient welding voltage.

The average current increases significantly with increased wire feed rate, figure
6-15. The change of wire feed rate has, however, no significant influence on the
average arcing voltage. The average arcing voltage remains almost constant re-
gardless of the change in wire feed rate.

If we compare figure 6-15 and 6-14, it can be concluded that though the variation
of wire feed rate and welding voltage give PCPs with same characteristics, the
average current and arcing voltage are influenced in quite different manners. The
change of wire feed rate has no significant influence on the average arcing voltage,
but a significant influence on the average current; the average current increase with
increased wire feed rate. However, the variation of welding voltage has significant
influence on the average arcing voltage, but no significant influence on the average
welding current.

The above conclusions can be used to predict the causes of the process stability
disturbance in short-arc welding process. The following rules can be established:
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Rule: IF

1. in the PCP some (about 5% or more) {ta,t,) points enter area II and less
than 2% of (ta,t,) points are located in area III or/and IV,

2. the average arcing voltage is not significant affected and

3. the average welding current has been decreased.

THEN

• the desired process stability is disturbed;

• the cause is probably that the wire feed rate has been decreased.

Rule: IF

?. in the PCP some (about 2% or more) (ta,t,) points enter area III or IV or
both,

2. the average arcing voltage is not significant affected and

3. the average welding current has been increased.

THEN

• the desired process stability is disturbed;

• the cause is probably that the wire feed rate has been increased.

6.8.3 Disturbance of Gas Shielding

When the gas shielding is disturbed, the PCP has rather similar characteristics
as a PCP with insufficient welding voltage or excessive wire feed rate, i.e. some
(ta,t,) points move into area III or IV or both areas, figure 6-12.

When the gas shielding is disturbed, the air enters the arc column. Oxygen,
hydrogen and nitrogen are absorbed by the weld pool. The solubility of these
gases is dependent of the temperature of the pool. When the temperature of
the pool falls, the gases will be released and ejected from the pool surface. This
ejection of gases from the weld pool will thus greatly disturb the stability of the
weld pool surface; the weld pool surface rises and falls randomly as if the the weld
pool is 'boiling'. The randomly rasing and falling weld pool surface will in turn
randomly influence the short-circuiting time. We can consider the following two
situations:
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1. Suppose the wire tip is contacted by the poo! surface just at the moment
when the surface has just risen to its highest point. Such a short-circuiting
period can not last long, since the pool surface will sink at once after the
highest point.

2. However, when the wire tip is contacted by the pool surface at the moment
when the surface has just reached its lowest point. Such a short-circuting
period will last longer due to the rise of the pool surface.
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Figure 6-16. The influence of the disturbance of gas shielding on the histograms
of short'circuiting times.

Therefore, when the gas shielidng is disturbed, a more randomly distributed short-
circuiting time should be expected. Figure 6-16 shows the histograms of short-
circuiting times when the gas shielding is sufficient and when it is disturbed. It
can be seen that the characteristics of the histograms are quite different for the
sufficient and disturbed gas shielding. The distribution of short-circuiting time is
significantly affected. Whe the gas shielding is sufficient, there exists a peak at
about 3.5-5 ms. Such a peak always exists with sufficient gas shielding, indepen-
dent upon the stability of the process, figure 6-17. Furthermore, the probability
of short-circuiting time larger than 8 ms is rather low. However, with disturbed
gas shielding, such a peak does not exist on the histogram of short-circuiting time.
Instead, the distribution of short-circuiting time tends to decrease incrementally
with increased short-circuiting time. The frequency decreases with increased short-
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circuiting time. Furthermore, the probability of short-circuiting time longer than
8 ms has been greatly increased. Generally more than 15% is obtained when the
gas shielding is disturbed.
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Figure 6-17. Histograms of short-circuiting time with sufficient gas shielding.

It can, therefore, be concluded that when the gas shielding is disturbed, some
(ta,t,) points will move into area III or IV or both the areas and the histogram
of short-circuiting time shows a distribution that tends to decrease incrementally
with increased short-circuiting time.

Similarly, the above conclusions can be used to predict the disturbing causes of
process instability. The following rule can be established:

IF

1. in the PCP some (about 5% or more) (ta,t,) points enter area III or IV or
both the areas,

2. the histogram of short-circuiting time shows a distribution that tends to
decrease incrementally with increased short-circuiting time and

3. the probability of short-circuiting time larger than 8 ms has been significantly
increased ( about more than 15%).
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THEN

• the desired process stability is disturbed;

• the cause is probably that the gas shielding is disturbed.

6.9 Prediction of Weld Quality Characteristics

When the disturbance of process stability can be detected and its causes can be
identified, it is then possible to predict the quality characteristics of the resulting
weld.

6.9.1 Quality Characteristics When Gas Shielding Is Dis-
turbed

When the gas shielding is disturbed, the process stability is disturbed by the entry
of the air into the arc column. A larger amount of metal spatter in form of small
particles is produced. Furthermore, since the air contains considerable amount
of oxygen, hydrogen and nitrogen, these gases are absorbed by the weld pool.
When the pool solidifies, pores are formed in the weld metal. The weld produced
is, therefore, mainly characterized by the presence of pores in the weld metal
and an excessive amount of metal spatter on the weld and the base material. In
addition, the disturbance of gas shielding influences also the heat energy generation
during the process, weld discontinuities associated with the melting of the base
material, such as incomplete fusion, excessive penetration, can also be a result of
the disturbed gas shielding. Thus the weld quality is not acceptable when the gas
shielding is disturbed.

When the gas shielding is disturbed, the welding process should be stopped, and
the causes of the disturbance should be identified. In robotized GMA welding, a
very common cause of the disturbance of gas shielding is the metal spatter build-
up inside the gas-nozzle. The gas-nozzle must be regularly and often cleaned to
ensure effective gas shielding. Other causes can include:

• Insufficient or excessive gas flow rate.

• No gas supply or leaks in the gas supply system.

• Excessive gas nozzle-to-work distance.

• Excessive torch inclination.

A more detailed discussion of the diagnosis of the causes of quality disturbing
sources is presented in chapter 7.
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6.9.2 Quality Characteristics When Welding Voltage Is Var-
ied

The weld quality characteristics are dependent upon in which direction the welding
voltage is varied.

When the welding voltage is decreased from the optimal one, the process char-
acteristics are changed. With a deviation of about one or more volts, the heat
generation and metal transfer in the process becomes rather irregular and the
irregularity increases as the voltage decreases. Arc extinction can occur and an
excessive amount of metal spatter is produced during the process. The weld pro-
duced is generally unacceptable and is normally characterized by:

• Irregular weld bead appearance.

• Excessive metal spatter on the weld and the base plate.

• Fusion defects such as incomplete fusion, inadequate joint penetration.

However, when the deviation is less than one volt, a change of the weld bead
appearance and metal spatter is sometimes difficult to detect by naked eyes. How-
ever, since a decrease of welding voltage leads also to a decrease of heat input,
fusion defects can be caused by the decreased welding voltage. How much of a
decrease in welding voltage is acceptable is dependent upon a number of factors
including quality requirements.

When the welding voltage is increased from the optimal one the quality character-
istics of the weld produced are quite different from those with decreased voltages.
When the voltage is increased, the arc length becomes longer, resulting a wider
weld bead. Furthermore, the arcing periods become longer and more heat energy
is produced in the process and thereby the base material is melted more, leading
to a larger cross section of the weld and deep penetration. Therefore, when the
welding voltage is increased, the weld is mainly characterised by increased weld
bead width and joint penetration or root reinforcement. When the welding voltage
is excessively increased, fusion defects — excessive root reinforcement and burn-
through — will occur. The maximum allowable voltage deviation that maintains
acceptable weld quality is dependent upon the quality requirements, joint fit-up
and other welding parameter such as wire feed rate and welding speed. Table 6-3
shows the influence of the variation of welding voltage on weld metal geometry
and weld quality.

One of the main sources to the disturbance of welding voltage is the operator who
changes the parameter without following welding procedure [86], Another source
can be the variation of voltage in the mains. Modern welding power sources can
normally tolerate 5-10% of voltage variation in the mains without affecting the
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Figure 6-18. The parameters for the description of weld metal geometry.

output voltage. However, older types of power sources may tolerate less variation
of the voltage in the mains. To maintain a constant welding voltage, the power
source must also have good reproducibility of its output voltage.

Table 6-3. The influence of welding voltage increase on weld metal geometry and
weld quality. Joint type = butt joint of 2 mm thickness with close joint gap, wire
feed rate = 4-6 m/min. See figure 6-18 for the definitions of A, C, H and W.

welding speed
(mm/s)

8
9
10
13

w

A

1.8
1.4
1.2
0.1

elding
=1S
C

[m
5.5
4.2
2.8
1.0

volta

M
H

m]
0 5

0.7
1.5
1.5

£e

W

6.8
5.6
5.7
5.0

w

A

elding

=[
C
[m

voltage
21]

H | W
m]

burn-through

burn-through

1.3
0.5

4.5
1.2

1.1
1.3

6.6
5.3

6.9.3 Quality Characteristics When Wire Feed Rate Is Var-
ied

When the wire feed rate is decreased, the PCP shows the same characteristics as
a PCP when the welding voltage is increased. However, the quality characteristics
of the weld are quite different. When the wire feed rate is decreased, the average
welding current is decreased, leading to less heat input to the base material. As a
result, less base material is melted. The weld is mainly characterised by smaller
cross section area of weld metal and less weld penetration. When the wire feed rate
is excessively decreased, fusion defects such as incomplete fusion and inadequate
joint penetration can result.

When the wire feed rate is increased from the optimal one by no more than 0.5
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m/min, the process stability is only slightly affected. However, an increase of
weld penetration occurs owing to the increased heat input. How much increase of
wire feed rate is tolerated is dependent upon such factors as quality requirements,
material thickness, joint fit-up and welding parameters. Generally speaking, the
thinner the base material is, the less the allowable increase in wire feed rate.

When the wire feed rate is increased by more than 0.5 m/min, the process stability
is normally unacceptable. The process is mainly characterised by excessive metal
spatter and irregular weld bead appearance. The regularity of heat generation and
metal transfer is greatly disturbed and fusion defects such as incomplete fusion,
excessive penetration and burn-through are normally caused.

Often, the change of wire feed rate in production is due to operator error. The
operator changes the set-up of wire feed rate without following the welding proce-
dure.

6.10 Conclusions

The electrical signals of welding arcs contain information about welding process
characteristics. The process stability can be statistically evaluated by the standard
deviation of arcing times in GMA short-arc welding. This technique is a valuable
means for the selection of optimal welding parameters, particularly where skilled
welders are not available.

the PCP analytic technique can be adapted in order to efficiently detect arv
changes of process stability or characteristics. The changes of process stability
are reflected on the changes of the pattern of the PCP.

It is desirable that a monitoring system also has or works together with a diagnostic
skill for the diagnosis of causes of the process stability disturbances. It has been
shown in this study that the causes of process instability can be identified based
upon the PCP analysis and statistical values of the current and voltage signals.
Furthermore, it is possible to predict the quality characteristics of the resulting
weld.



7 Diagnosis of the Causes
of Quality Disturbances

When defective welds occur in production, it is important to identify the causes
of the quality disturbances so that corrective actions can be taken to eliminate
further quality disturbances.

7.1 Diagnostic Strategy

The occurrence of weld defects implies the existence of one or more quality disturb-
ing sources during the welding process. In chapter 4, the main causes of various
weld defects have been discussed. For example, there are seven main possible dis-
turbing sources of pores and the occurrence of pores must imply the existence of
one or more of the possible disturbing sources in the production. Therefore, the
casual models of various weld defects presented in chapter 4 form the fundamental
basis for the diagnosis of the causes of quality disturbances in production. The
models hypothesize the possible disturbing sources of weld defects. This does not,
however, mean that all these disturbing source are present at the same time when
a defect results. In reality, very often only one or few of the possible or suspected
disturbing sources exist at a time.

In order to verify, i.e. to accept or reject, a hypothesized disturbing source, ad-
ditional information about the real and the allowed welding conditions must be
known since any quality disturbances are due to the deviations of the real welding
conditions from the allowed conditions. If there is evidence that a hypothesized
disturbing source exists, then it can be accepted as the cause of the weld defect.
Otherwise, it is rejected as the cause of the quality problem. For example, one of
the possible disturbing source of pores is insufficient or excessive flow rate of the
shielding gas. In order to reject or accept this hypothesized disturbing source, the
flow rate of the shielding gas should be observed or monitored during the welding
process. If the real flow rate deviates from the allowed ones, it can be accepted

141
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Figure 7-1. The diagnostic strategy.
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as a quality disturbing source of pores. If the monitored flow rate is less than the
minimum allowable flow rate, then this means that the real flow rate of the shield-
ing gas is insufficient, which results in insufficient coverage of the shielding gas. If
the observed flow rate is larger than the max. allowed one, then the disturbing
source is excessive flow rate of the shielding gas, which causes a turbulent flow
pattern of the shielding gas.

If there is no criterion for the allowed flow rate of shielding gas, it can not be
known whether the real or observed flow rate will disturb the gas shielding or not.

When a diagnosis is established, corrective actions must be taken to eliminate the
quality disturbing sources.

In summary, the diagnostic strategy can be described by figure 7-1. The diagnostic
process starts with the detection of one or more weld defects and ends by the
elimination of the quality disturbing sources. Between the two ends, there exist
three phases: generation of hypotheses, verification of the hypotheses and finally
the diagnosis of the problem. The generation of hypotheses is based on the casual
models of the weld defects, which are presented in chapter 4. These hypotheses
form the basis for the collection of the required information for the verification.
The verification is based on the information about the real and the allowed welding
conditions such as welding parameters, system behaviours and functions. The
information about the real welding conditions is collected before, during and after
the welding process, while the allowed welding conditions are predetermined. The
verification of a hypothesized disturbing source is based upon the comparison
between the real and the allowed welding conditions. When the real welding
condition deviate from the allowed ones, they are accepted as the sources of the
quality problem.

In the following sections, the diagnosis of the causes of various weld defects is
discussed in more detail.

7.2 Diagnosis of the Causes of Pores

According to the causal model of pores, figure 4-3, there are seven main disturbing
sources, i.e. seven hypotheses about the causes of pores can be generated.

Hypothesis 1: Contaminating substances on the wire electrode and joint
surface

The surface condition of both wire electrode and joint surface can be easily ob-
served by naked eyes. The desired surface conditions of wire electrode and joint
surface are that the surface should be free of or contains only a small amount of
oil, moisture, rust and paint. Generally speaking, the wire electrode and the joint
surface for modern productions fulfil these requirements, i.e., have no excessive
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amounts of these contaminating substances which can cause weld defects. It is un-
usual that contaminated wire electrodes and joint surfaces are used in production
and cause problems like pores.

Hypothesis 2: Enclosed cavities

The information about the existence of such cavities can be obtained from the
analysis of the product design and the behaviour of pores. The design analysis
can reveal the suspicion of possible enclosed cavities. Suppose there exist enclosed
cavities, then pores should be expected to form at or near the locations of the cav-
ities. Since the existence of the cavities is due to improper design of the product or
joint, this disturbing source exists from one workpiece to another and it should be
expected that pores should form frequently at or near the location of the cavities.
In other words, to accept this hypothesis the following information is needed:

• Suspicion of possible enclosed cavities.

• Statistically, the pores frequently form at the locations of the cavities.

The proper measure for the prevention of the pores is to redesign the product or
joint so that such cavities are eliminated.

Hypothesis 3: Insufficient flow rate of shielding gas

The verification of this hypothesis requires the information about the real and the
minimum allowable flow rate of shielding gas. Generally speaking, the allowable
minimum gas flow rate for short-arc welding with
80%Ar/20%CC>2 is about within 6-10 1/min depending upon the diameter of the
gas-nozzle. In reality, it is relatively easy to determined acceptable gas flow rate(s)
by trials.

The information about the real gas flow rate can be obtained through the moni-
toring of the flow rate. There are three main causes of insufficient gas flow rate:
insufficient set-up of the flow rate, insufficient pressure in the gas cylinder and
leaks in the gas supply system. The set-up can be directly read from the flow
meter in the gas flow regulator and the pressure in the gas cylinder from the pres-
sure meter. If the set-up is insufficient, it must be corrected. If the pressure is
insufficient, the gas supply must be replaced with a full one. If both the set-up of
the flow rate and the pressure in the gas supply are correct, then the gas supply
system probably has leaks.

Hypothesis 4: Excessive flow rate of shielding gas

Like hypothesis 3, this hypothesis can be verified by the comparison of the observed
flow rate with the allowable maximum flow rate. It is also relatively easy to
determine the maximum allowable gas flow rate by trials. Generally speaking,
this figure is about 15-25 1/min depending upon the size of the gas nozzle.
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Excessive gas flow rate is caused by excessive set-up of the flow rate. In order to
prevent pores, the flow rate of the shielding gas must be decreased to the acceptable
level.

Hypothesis 5: Improper torch orientation

In general, the torch advance angle should not be inclined more than 15° from
the normal torch position in order to ensure sufficient gas shielding. With larger
inclination, there is a risk that the gas shielding will be disturbed. It is thus
important to sufficiently specify the allowable torch inclination so as to provide a
basis for the verification of this hypothesis.

The real torch orientation can be directly measured between the torch and the
workpiece. If the torch inclination is greater than the allowable ones, it should be
reprogrammed to decrease the inclination.

Hypothesis 6: Excessive gas nozzle-to-work distance

The gas nozzle-to-work distance influences the coverage of the gas shielding. For
short-arc welding, the desired distance is about 10-20 mm. Too short distance
increases the risk of overheating of and collecting metal spatter in the gas nozzle.
With excessive distance, the gas coverage is reduced. Very often this distance is
not specified in a welding procedure since it is determined by the contact tube-to-
work distance for a given welding torch. Usually this distance is about the same
as contact tube-to-work distance.

Hypothesis 7: Metal spatter build-up in the gas-nozzle

The laminar flow pattern of the shielding gas can be disturbed by metal spatter
build-up inside the gas nozzle, which is often a common cause of pores in mecha-
nized or robotized short-arc welding process. To ensure non-turbulent flow pattern
of the shielding gas, the inner surface of the gas nozzle should be as free from metal
spatter as possible. However, if there is only a small amount of metal spatter, the
gas shielding is not significantly disturbed.

The metal spatter build-up can be easily detected by the visual observation of the
gas-nozzle. If there is metal spatter inside, it should be removed mechanically.
If there is rather much metal spatter and it can not be removed, the gas-nozzle
should be replaced.

In summary, we can use the following rules for the diagnosis of pores:

• (Rule 1.1 B1)
IF the weld defect is pores AND the joint surfaces contain excessive amount
of oil or moisture or paint and other substances
THEN the diagnosis is contaminating substances on the joint surface AND

1 Backward rule
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the corrective action is to remove the contaminating substances from the
joint surfaces before welding.

• (Rule 1.2 B)
IF the weld defect is pores AND there are possible enclosed cavities AND
statistically the pores are formed near these cavities
THEN the diagnosis is enclosed cavities AND the corrective action is to
modify the design so that these cavities can be eliminated.

• (Rule 1.3 B)
IF the weld defect is pores OR the gas shielding is disturbed AND the flow
rate of shielding gas is less than the min. allowable flow rate
THEN the diagnosis is insufficient shielding gas flow rate AND the corrective
action is to increase the flow rate to the desired level.

Since insufficient flow rate of shielding gas can be caused by insufficient set-
up of shielding gas flow rate, insufficient pressure in the gas cylinder or leaks
in the shielding gas supply system, the following rules can thus be generated:

- (Rule 1.3.1 B)
IF the set-up of the shielding gas is less than the min. allowable flow
rate
THEN the flow rate of shielding gas is less than the min. allowable flow
rate AND the corrective action is to increase the set-up of the flow rate
to the desired level.

- (Rule 1.3.2 B)
IF the pressure in the gas cylinder is insufficient
THEN the flow rate of shielding gas is less than the min. allowable flow
rate AND the corrective action is to replace the gas cylindet.

- (Rule 1.3.3 F2)
IF the flow rate of shielding gas is less than the min. allowable flow
rate AND the set-up of flow rate is correct AND the pressure in the gas
cylinder is sufficient
THEN there are probably leaks in the gas supply system AND the
corrective action is to find the leaks and repair them.

• (Rule 1.4 B,F)
IF the weld defect is pores OR the gas shielding is disturbed AND the flow
rate of shielding gas is larger than max. allowable flow rate
THEN the diagnosis is excessive shielding gas flow rate AND the corrective
action is to reduce the shielding gas flow rate to the desired level.

• (Rule 1.5 B,F)
IF the weld defect is pores OR the gas shielding is disturbed AND the torch

2 forward rule
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inclination is greater than 15°
THEN the diagnosis is excessive torch inclination AND the corrective action
is to reduce the torch inclination to the desired angle.

• (Rule 1.6 B,F)
IF the weld defect is pores OR the gas shielding is disturbed AND the gas
nozzle-to-work distance is larger than the allowable distance
THEN the diagnosis is excessive gas nozzle-to-work distance AND the cor-
rective action is to reduce the distance to the desired distance.

• (Rule 1.7 B,F)
IF the weld defect is pores OR the gas shielding is disturbed AND there is
rather iouch metal spatter build-up inside the gas nozzle
THEN the diagnosis is excessive metal spatter build-up in the gas nozzle
AND the corrective action is to remove the metal spatter build-up or to
replace the nozzle with a new one or to use nozzle of other material, e.g.
ceramics.

• (Rule 1.8 B,F)
IF there is insufficient shielding gas flow rate
THEN the gas shielding is disturbed.

• (Rule 1.9 B,F)
IF there is excessive shielding gas flow rate
THEN the gas shielding is disturbed.

• (Rule 1.10 B,F)
IF there is excessive torch inclination
THEN the gas shielding is disturbed.

• (Rule 1.11 B,F)
IF there is rather much metal spatter build-up in the gas nozzle
THEN the gas shielding is disturbed.

7.3 Diagnosis of the Causes of Incomplete Pen-
etration

Based upon the casual model of incomplete joint penetration, figure 4-5, six main
hypotheses about the causes of the weld defect can be generated.

Hypothesis 1: Insufficient heat input due to incorrect set-ups of wire
feed rate, welding voltage and welding speed
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The desired combinations of wire feed rate, welding voltage and welding speed
are different for different applications. Figure 5-7 to 5-10 show some of the allow-
able combinations of these three parameters when welding of I-joints of various
thicknesses and joint gaps.

The verification of this hypothesis requires both the real and the desired com-
binations of wire feed rate, voltage and welding speed. The real data of these
parameters should be monitored during the welding process.

Hypothesis 2: Weld pool running ahead of the welding arc

In order to verify this hypothesis, the information about the relative position
between the weld pool and the welding arc is needed. Since there is no direct
interaction between the operator and the process, this information can only be
obtained by the use of a sensor system, e.g. specially made video ;amera, which
can see both the welding arc and the weld pool. However, the use of such a
technique in robotic GMA welding is very rare.

This phenomena is mainly caused by excessively slow welding speed. However,
for a given joint preparation and other parameters, the minimum welding speed
can be determined by welding trials. In other words, this hypothesis can also be
verified if we know the minimum allowable welding speed: the hypothesis can be
accepted if the observed welding speed is less than the minimum allowable welding
speed.

In short-arc welding, it is unusual that a weld pool runs ahead of the welding arc
since the wire feed rate or the wire deposition rate is rather low compared with
spray arc welding.

If this hypothesis is accepted, the welding speed must be increased to prevent
the running of the weld pool ahead of the welding arc and thereby incomplete
penetration.

Hypothesis 3: Improper joint preparation

Weld quality is not only influenced by welding current, voltage and welding speed,
but also greatly influenced by the quality of joint preparation. This can be clearly
seen in figure 5-7 to 5-10. Excessively small joint gap can cause incomplete joint
penetration.

In order to verify this hypothesis, we need the information about both the real
and the desired joint preparations. For I-joints, the important parameter is the
joint gap. The real joint preparation can be observed by the use of a joint vision
system, e.g. optical seam-tracking system. If such a system is not available, the
joint gap can be measured from the bottom of the joints since the bottom is not
melted. Without the information about the real joint preparation it is not possible
to verify this hypothesis.
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In production, incorrect joint preparation may be caused by:

• Excessive variation of the joint edge preparation.

• Improper jigging of the workpiece.

• Excessive wear of the fixture.

• Improper tack welding.

Since the choice of welding parameters is to a great extent based upon the quality of
the joint preparation, the variation of joint preparation can not be compensated by
the adjustment of the welding parameters if the variation of the joint preparation
parameters is not predictable. It is very important to ensure the quality of the
joint preparation in production.

Hypothesis 4: Excessive contact tube-to-work distance

The welding current is influenced by wire extension, which is mainly determined
by the contact tube-to-work distance. If there is evidence that the contact tube-
to-work distance deviates from the desired one, it should be re-adjusted.

The desired contact tube-to-work distance should be specified in the welding pro-
cedure. Generally speaking, this distance should be within 10-15 mm for short-arc
welding. Excessive distance decreases the welding current. The real contact tube-
to-work distance can be measured between the contact tube and the workpiece.

Generally speaking, both process stability and weld quality are not significantly
influenced by the variation of the contact tube-to-work distance if the variation is
less than about 2 mm.

Hypothesis 5: Excessive deviation of the welding arc from the joint

To obtain a symmetric weld metal along the joint, the weld arc should be located
symmetrically along the joint. Depending upon the joint type, quality require-
ments, the allowable deviation of welding arc from the joint path is different. For
butt joints, the welding arc should not deviate normally no more than 0.5-1.0 mm.

In production the excessive deviation of welding arc from the joint path may be
caused by:

• Inaccurate geometry of the workpiece.

• Bad repeatability of the fixture.

• Wire deviation.

• Incorrect positioning of the torch.
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• Bad repeatability of the robot.

The welding torch should be positioned symmetrically along the joint which must
be based on the statistics of the location of the joint path.

Relatively large deviation of the welding arc from the joint can be easily detected
by observing the relative position of the resulting weld and the joint. However,
small deviation is difficult to observe without a technique that can sense the weld
arc and the joint during welding operation.

Hypothesis 6: Unstable welding process

As discussed in chapter 6, an unstable welding process can be detected by the
analysis of PCP. Other indications of process instability are: increased amount of
metal spatter, increased irregularity of arc sound and decreased regularity of weld
bead appearance. Based upon the causal model of process instability, figure 4-8,
there are five main causes of process instability.

Hypothesis 6.1: Incorrect set-up of wire feed rate and welding voltage

For short-arc welding, the process stability is mainly determined by the combina-
tion of wire feed rate/current and welding voltage. Figure 5-6 shows the desired
combinations of wire feed rate and welding voltage. In robotic arc welding, the
wire feed rate and the voltage are programmed through the robot programming
unit. If the programmed parameters deviates from the desired ones, they should
be reprogrammed.

Hypothesis 6.2: Excessive wire fluctuation

The wire electrode should be smoothly fed into arc without any fluctuation. Ex-
cessive wire fluctuation greatly disturbs the process stability and the instability
can not be eliminated by any other means such as readjustment of the parame-
ters. It is desirable to monitor the wire feed rate near the torch to detect wire
fluctuation.

In production the main cause of wire fluctuation are: insufficient or excessive
pressure on the feeding rollers, insufficient length and wear of wire conduit and
misalignment between the feeding roller and the inlet of the conduit as well as too
many bends in the wire conduit.

When process instability can not be eliminated by other means, excessive wire
fluctuation can be suspected and the following actions should be made:

• Readjustment of the pressure on the feeding roller.

• Use of a new wire conduit with sufficient length and to increase the straight-
ness of the conduit.

• Readjustment of the relative position between the feeding rollers and the
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inlet of the conduit.

Hypothesis 6.3: Excessive voltage variation in the power supply network

The process instability can be caused if the desired welding voltage can not be
maintained. By monitoring both the output and input voltage of the power source
it can be determined whether the output voltage is influenced by the input volt-
age. Normally, modern power sources can tolerate up to 5-10% variation of the
input voltage without affecting the output voltage. This implies that the voltage
variation in the network is often not a source of quality disturbance .

Hypothesis 6.4: Disturbed gas shielding

The diagnosis of the causes of disturbed gas shielding have been discussed in
section 7.2.

Hypothesis 6.5: Contaminated wire electrode and workpiece

The contamination of wire electrode and workpiece can also cause process insta-
bility. If the wire electrode is contaminated, it should be replaced by a new one.
If the workpiece is contaminated, the joint surface should be cleaned before the
welding process.

In summary the following rules can be used to diagnose the causes of incomplete
penetration.

• (Rule 2.1 B)
IF the weld defect is incomplete penetration AND the wire feed rate or
welding voltage is less than the specified limits
THEN the diagnosis is insufficient heat input AND the corrective action is
to increase wire feed rate or welding voltage to the desired values.

• (Rule 2.2 B)
IF the weld defect is incomplete penetration AND the welding speed is larger
than the specified limit
THEN the diagnosis is insufficient heat input AND the corrective action is
to decrease the welding speed to the desired level.

• (Rule 2.3 B)
IF the weld defect is incomplete penetration AND the weld pool runs ahead
of the welding arc OR the welding speed is less than the min. allowable
speed
THEN the diagnosis is welding pool running ahead of the arc AND the
corrective action is to increase the welding speed to the desired level.

• (Rule 2.4 B)
IF the weld defect is incomplete penetration AND the variation of joint
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preparation is excessive
THEN diagnosis is improper joint preparation.

Since improper joint preparation can be caused by excessive variation of
joint edge preparations, improper jigging of the workpiece, excessively worn
fixture, or poor tack welds, the following rules can thus be generated for the
identification of the causes of the improper joint preparation:

- (Rule 2.4.1 B)
IF the variation of joint edge preparation exceeds the specified toler-
ances
THEN the variation of joint preparation is excessive AND the correc-
tive action is to improve the consistency of the joint edge preparation
so that the variation is within the specified tolerance.

- (Rule 2.4.2 B)
IF the workpiece is not properly jigged
THEN the variation of joint preparation is excessive AND the corrective
action is to properly jig the workpieces before welding.

- (Rule 2.4.3 B)
IF the fixture is excessively worn
THEN the variation of joint preparation is excessive AND the corrective
action is to readjust the fixture.

- (Rule 2.4.4 B) IF the tack welds are not properly done
THEN the variation of joint preparation is excessive AND the corrective
action is to improve the quality of the tack welds.

(Rule 2.5 B)
IF the weld defect is incomplete penetration AND the contact tube-to-work
distance is larger than the max. allowable distance
THEN the diagnosis is excessive contact tube-to-work distance AND the
corrective action is to reduce the distance to the desired distance.

(Rule 2.6 B)
IF the weld defect is incomplete penetration AND the location of the result-
ing weld excessively deviates from the location of the joint
THEN the diagnosis is excessive deviation of the welding arc.

The causes of excessive deviation of the welding arc can be diagnosed with
the following rules:

- (Rule 2.6.1 B) IF the torch position deviates excessively from the de-
sired torch position
THEN the location of resulting weld excessively deviates from the lo-
cation of the joint AND the corrective action is to readjust the torch
position to the desired position.
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- (Rule 2.6.2 B) IF the contact tube-to-work distance is larger than the
specified one
THEN the location of resulting weld excessively deviates from the lo-
cation of the joint AND the corrective action is to reduce the distance
to the desired one.

- (Rule 2.6.3 B) IF the contact tube is excessively worn
THEN the location of resulting weld excessively deviates from the lo-
cation of the joint AND the corrective action is to replace the contact
tube with a new one.

• (Rule 2.7 B)
IF the weld defect is incomplete penetration AND the welding process is
unstable
THEN the diagnosis is unstable welding process.

Since process instability also indicates an increased amount of metal spatter,
increased irregularity of arc sound and decreased regularity of the resulting
weld, the following rule can be used to reveal process instability:

- (Rule 2.8 B,F)
IF the amount of metal spatter increases OR the regularity of arc sounds
decreases OR the regularity of weld appearance decreases
THEN the welding process is unstable.

The following rules can be used to diagnosis the causes of process instability.

- (Rule 2.7.1 B)
IF the welding process is unstable AND the combination of wire feed
rate and welding voltage is outside the allowed one
THEN the diagnosis is unsuitable combination of wire feed rate and
voltage AND the corrective action is to readjust the wire feed rate and
welding voltage to the desired values.

- (Rule 2.7.2 B)
IF the welding process is unstable AND the excessive wire fluctuation
is observed
THEN the cause of the process instability is wire fluctuation.
The following rules can be used for the diagnosis of the causes of wire
fluctuation:

* (Rule 2.7.2.1 B)
IF the pressure on the feeding rollers is insufficient or excessive
THEN the cause of the process instability is unsuitable pressure
on the feeding rollers AND the corrective action is to readjust the
pressure.
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* (Rule 2.7.2.2 B)
IF the wire conduit is too short
THEN the cause of the process instability is insufficient length of
wire conduit AND
the corrective action is to replace it with a conduit of sufficient
length.

* (Rule 2.7.2.3 B)
IF there is misalignment between the feeding rollers and the inlet
of the wire conduit
THEN the cause of the process instability is misalignment between
the feeding rollers and the wire conduit AND the corrective action
is to readjust the relative position between them.

* (Rule 2.7.2.4 B)
IF there are rather many bends in the wire conduit
THEN the cause of the process instability is too many bends in the
wire conduit AND the corrective action is to make the wire conduit
as straight as possible.

(Rule 2.7.3 B)
IF the welding process is unstable AND and the gas shielding is dis-
turbed
THEN the cause of the process instability is disturbed gas shielding,
(see rules 1.3-1.11 for the diagnosis of causes of disturbed gas shielding
in section 7.1 for the causes)

(Rule 2.7.4 B)
IF the welding process is unstable AND there are contaminating sub-
stances on the wire or workpiece
THEN the cause of the process instability is contaminated wire elec-
trode or workpiece AND the corrective action is to remove these sub-
stances before welding.

(Rule 2.7.5 B,F)
IF the combination of wire feed rate and voltage is correct, AND there
is no excessive wire fluctuation AND there is no disturbance of gas
shielding AND no contaminating substances on both wire and workpiece
THEN the cause of the process instability is probably that the voltage
variation in the power supply network is excessive AND the corrective
action is to reduce the variation of the input voltage to the power source.
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7.4 Diagnosis of the Causes of Excessive Root
Reinforcement and Burn-through

Based upon the casual model of excessive root reinforcement and burn-through,
figure 4-10, four main hypotheses about the causes of the weld defect can be
generated.

Hypothesis 1: Excessive heat input due to incorrect combination of
wire feed rate, welding voltage and welding speed

The desired combinations of wire feed rate, voltage and welding speed are different
for different applications. Figure 5-7 to 5-10 show the some allowable combinations
of these three parameters when welding I-joints of various thicknesses and joint
gaps.

The verification of this hypothesis requires both the real and the desired combina-
tion of wire feed rate, voltage and welding speed. The real data of these parameters
should be monitored during the welding process.

Hypothesis 2: Excessive heat input as a result of too short contact
tube-to-work distance

The welding current is influenced by wire extension, which is mainly determined
by the contact tube-to-work distance.

The desired contact tube-to-work distance should be specified in the welding pro-
cedure. Generally speaking, this distance should be within 10-15 mm for short-arc
welding. Too short a distance increases the welding current. The real contact tube-
to-work distance can be measured between the contact tube and the workpiece. If
this distance deviates from the desired one, it should be readjusted.

Hypothesis 3: Improper joint preparation

The joint penetration is not only influenced by welding current, voltage and weld-
ing speed, but also greatly influenced by the joint preparation. This can be clearly
seen in figure 5-7 to 5-10. An excessively large joint gap can thus cause excessive
root reinforcement and burn-through.

In order to verify this hypothesis, we need the information about both the real and
the desired or allowed joint preparation. For an I-joint, the important parameter
is the joint gap. The real joint preparation can be observed by the use of a joint
vision system. If such a system is not available, the joint gap can be measured from
the bottom of the joints since the bottom is not melted. Without the information
about the real joint preparation it is not possible to verify this hypothesis.

In production, improper joint preparation can be caused by:
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• Inaccurate geometry of the workpiece.

• Bad repeatability of the fixture.

• Wire deviation.

• Incorrect positioning of the torch.

• Poor repeatability of the robot.

Since the choice of welding parameters is to a great extent determined by the
quality of the joint preparation for a given weld quality, the variation of joint
preparation can not be compensated by the adjustment of the welding parameters
if the variation of the joint preparation is not known in the production. It is very
important to ensure the quality of the joint preparation in production.

Hypothesis 4: Improper clamping of the joints

When welding of thin material with backing support, a part of welding heat is
conducted into the backing support. If the clamping force is not sufficient, the
plates will not be tightly pressed onto the backing support and thereby the heat
conductivity into the backing support is decreased. It is always desired that the
plates should be tightly pressed onto the backing support by the use of sufficient
clamping force.

Hypothesis 5: Unstable welding process

The regularity of heat input decreases with increased process instability. Excessive
root reinforcement or burn-through can be caused if the process is excessively
unstable. For the assurance of weld quality, a stable welding process is always
desired. The diagnosis of process instability has been discussed in section 7.3.

In summary, the following rules can be used for the diagnosis of the causes of
excessive root reinforcement or burn-through.

• (Rule 3.1 B)
IF the weld defect is excessive root reinforcement OR burn-through AND
the welding current or voltage is larger than the max. allowable limit
THEN the diagnosis is excessive heat input AND corrective action is to
decrease current or voltage to the desired value.

• (Rule 3.2 B)
IF the weld defect is excessive root reinforcement OR burn-through AND
the welding speed is less than the allowable limit
THEN the diagnosis is excessive heat input AND corrective action is to
increase the welding speed to the desired level.
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(Rule 3.2 B)
IF the weld defect is excessive root reinforcement OR burn-through AND
the variation of joint preparation is excessive
THEN the diagnosis is improper joint preparation.

The rules for the diagnosis of causes of improper joint preparations have
been presented in section 7.3.

(Rule 3.3 B)
IF the weld defect is excessive root reinforcement OR burn-through AND
the contact tube-to-work distance is less than the min. allowable distance
THEN the diagnosis is too short a contact tube-to-work distance AND cor-
rective action is to increase the distance to the desired level.

(Rule 3.4 B)
IF the weld defect is excessive root reinforcement OR burn-through AND
the clamping force is not sufficient
THEN the diagnosis is improper clamping AND corrective action is to clamp
the workpiece with sufficient force.

(Rule 3.5 B)
IF the weld defect is excessive root reinforcement OR burn-through AND
the welding process is not stable
THEN diagnosis is unstable welding process.

The rules for the diagnosis of the causes of process instability have been
presented in section 7.3.

7.5 Diagnosis of the Causes of Metal Spatter

Based on the casual model of metal spatter, figure 4-12, increased metal spatter
has two main causes: process instability and excessive torch inclination.

Hypothesis 1: Unstable welding process

Metal spatter increases with decreased process stability for a given shielding gas.
The detection of process instability and the diagnosis of its causes have been
presented in section 7.3.

Hypothesis 2: Improper welding technique

In short-arc welding, with pushing welding technique, a greater amount of metal
spatter normally results than with pulling technique. It is desirable to use pulling
technique so as to decrease the amount of metal spatter.

In any case the torch inclination from the normal position should not exceed 15°
in order to effective proper gas shielding.
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In summary, the following rules can be used for diagnosing the causes of metal
spatter.

• (Rule 4.1 B) IF the weld defect is an excessive amount of metal spatter AND
the welding process is not stable
THEN the diagnosis is unstable welding process.

• (Rule 4.2 B,F) IF the weld defect is an excessive amount of metal spatter
AND the pushing technique is used
THEN the corrective action is to use pulling technique, if possible.

7.6 Development of a Diagnostic Expert System

The diagnostic rules presented in the preceding sections can be implemented in an
rule-based expert system [87]. The rules have the following general form:

IF observation deviates from criterion
THEN diagnosis AND corrective action.

The observations provide information about the real welding conditions, while
the critena describe the desired welding conditions. The observations must be
provided by the user who consults the diagnostic expert system or by monitoring
systems. The criteria can be represented in the knowledge base of the expert
system in terms of constants.

Most of the rules can use the backward chaining inference technique. The main
advantage of backward chaining rules is that an aspect retrieval operation will ac-
tivate these rules which have aspect modifications of this aspect in the conclusion.
This means that in the case of the diagnosis, all the backward rules that contain
the aspect diagnosis in their conclusions can be directly activated by the user who
simply asks the expert system for the diagnosis of the causes of a weld defect. A
backward rule can also be activated by another rule when the premise of the later
rule contains an aspect that is also contained in the conclusion of the former rule.

When backward rules are invoked, the system will automatically infer observations
via other rules or users and compare the observation with the criterion. If the
observation inferred deviates from the criterion, then the diagnosis is established
and the corrective action is recommended by the system so as to restore the welding
conditions to the desired conditions.

Let us take a simple example to illustrate how backward diagnostic rules work.
Suppose pores are detected in the welds, and the operator consults the diagnostic
expert system for the diagnosis of the causes of the pores. The expert system
will thus activate all the backward rule which contain the weld defect pore in its
premise and the diagnosis in its conclusion, i.e. rules 1.1-1.7.
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For example, when Rule 1.5 (see section 7.2) is invoked, the expert system will ask
the user to provide the observation of the shielding gas flow rate. The criterion
of the shielding gas flow rate must be predetermined in the knowledge base of the
expert system. When the observation is input to the system, it is compared with
the criterion, i.e. the premise of the rule is evaluated. If the observation does not
match the criterion, e.g. the flow rate is larger than the maximum allowable flow
rate, the diagnosis — excessive shielding gas flow rate — is established and the
corrective action is recommended to decrease the flow rate to the desired one.

The dialogue between the expert system and the user is rather simple for the above
case:

Expert system: What is weld defect ?
User: pores.
Expert system: What <s the shielding gas

flow rate (L/min) ?
User: 25.

(suppose the allowable flow rate should not exceed
20 L/min and the desired flow rate is 12 L/min)

Expert system: The cause of the pores is excessive shielding gas
flow rate and the corrective measure is to decrease the
shielding gas flow rate to 12 L/min.

If forward chaining inference is used, a rule is not activated until all the premise
of the rule is satisfied, i.e. the premise becomes true. This means that in order to
activate a forward rule, the observation must be first be provided to the system.
As soon as the observation is provided, the rule is executed.

However, when forward chaining technique is used, the expert system constantly
checks if the premise of a forward rule is satisfied. As soon as it is satisfied, the
rule is automatically executed. How a forward rule works can be explained by the
following example.

When the Rule 1.5 is executed, the diagnosis, i.e. excessive shielding gas flow rate,
is established. As a result, the premise of Rule 1.9 becomes satisfied. Since Rule
1.9 is also a forward rule, it is thus automatically executed by the system, i.e. the
aspect — gas shielding is disturbed — becomes true.

In reality, it is often only one or few disturbing sources exist at one time. For
example, when pores are detected, it would be rather unusual that all the seven
disturbing sources exist at the same time. Instead, it is often only one or few of
these seven sources that really exist. Suppose, statistically it is shown that only
one quality disturbing source exists at one time, then it would be unnecessary
to carry on the diagnostic procedure as soon as one diagnosis of the problem is
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established. In this case, if the expert system has no forward chaining rule that
checks if one diagnosis has been established, then the system will invoke all the
rules concerning the problem in question and ask the user to input all the data to
evaluate the premises of the rules. This is obviously time consuming. However, if
there is a forward chaining rule that stops the diagnostic procedure as soon as one
diagnosis is established, such as:

IF one diagnosis is established
THEN stop the diagnostic session.

The system will not ask for more information, and automatically stop the diag-
nostic session as soon as one diagnosis is established, when the above forward rule
is implemented in the system.

The fact that the conditions for the activation of backward and forward rules are
different can be used in diagnosis to achieve an efficient expert diagnosis. In the
following, an example is given to illustrate how backward and forward rules work
together to make a diagnosis:

Suppose the weld defect is incomplete penetration and the user asks the expert
system for the diagnosis. AH the diagnostic backward rules that contain the weld
defect is incomplete penetration will thus be invoked. For example, when Rule 2.7
is invoked, the expert system will infer the aspect of the welding process is unstable
so as to evaluate the premise of the rule. Since there is another backward rule,
i.e. Rule 2.8, which also contains the aspect — the welding process is unstable —
in its conclusion. This rule is invoked by the aspect retrieval of the aspect the
welding process is unstable of the previous rule. When Rule 2.8 is invoked, the
expert system will asks the user to provide the information about the amount of
metal 6patter. Suppose the amount of metal spatter increases, the conclusion of
Rule 2.8 becomes thus true, i.e. the aspect — the welding process is unstable —
becomes true. As a result, the premise of Rule 2.7 is satisfied and its conclusion is
executed, i.e. the diagnosis of the incomplete penetration is established as unstable
welding process.

Since there are a number of rules for the diagnosis of the causes of process in-
stability, i.e. rules 2.7.1-2.7.6, all these rules will thus be activated if the expert
system is asked for the diagnosis of the process instability. When, e.g., Rule 2.7.3
is activated, the system will carry out an aspect retrieval operation of the aspect
— the gas shielding is disturbed so as to evaluate the premise of the rule. This
aspect retrieval will thus in turn activate Rules 1.8-1.11, since these rules contain
this aspect in their conclusions. As a result, the user is asked by the expert sys-
tem to provide observations of shielding gas flow rate, torch angle, metal spatter
build-up in the gas-nozzle and the gas nozzle-to-work distance. When these ob-
servations are provided to the system, forward rules 1.4-1.7 will be activated and
executed. Suppose the shielding gas flow rate, the torch angle and gas nozzle-to-
work distance are correct, but there are rather much metal spatter build-up in the
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nozzi••:, the conclusion of Rule 1.7 will thus be executed, i.e. excessive metal spatter
build-up in ihe gas nozzle is established as the diagnosis of the process instability.

The dialogue between the expert system and the user for the above case can be
illustrated as:

Fxpert system: What is weld defect ?
\ . er: Incomplete penetration.
Expert system: Does the amount of metal spatter increase?
I'.er: Yes
Expert system: The cause of the incomplete penetration is

unstable welding process.
Do you want me do diagnose the cause of the
process instability?

I s - . Yes?
fcrr-srt system: How much is the metal spatter build-up in

the gas nozzle?
U .er; Rather much.
*Jx, ert system: The diagnosis is excessive metal spatter build-up

in the gas nozzle and the corrective action is
to remove the metal spatter build-up, or
to replace the nozzle with a new one or
to use nozzle of other material, e.g. ceramics.

In summary, the diagnostic knowledge can be represented in an expert system in
fr rms of rules. The main components of a rule are, figure 7-2:

* Defect type and observation, which need to be provided by the user.

* Criterion, which is stored in the knowledge base and determines the allowed
welding conditions.

* Diagnosis, which is established when the real welding conditions deviate from
the allowed ones.

* Corrective action, which is recor.rr.cr.ded in order to restore the welding
conditions back to the desired conditions.

7.7 Conclusions

Though weld quality is formed during the welding operation. The diagnosis of the
causes of quality disturbances is necessary for the elimination of further quality
disturbances of subsequent welds.
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Defect type &
observation

User,
Monitoring
system

Figure 7-2. The components of a diagnostic rule.

There are three essential components for a correct diagnosis:

• Knowledge about possible causes of weld defects, i.e. causal models.

• Information about the real welding conditions.

• Information about the allowed and desired welding conditions.

The causal model is needed to generate hypotheses about the causes of the dis-
turbances, whilst the information about the real and allowed welding conditions
is needed to verify these hypotheses. Diagnosis thus requires monitoring of the
welding conditions.

It is possible to implement the diagnostic knowledge in an expert system in form of
rules. Such a system can automatically diagnose the causes of quality disturbances
based upon the information about the real and allowed welding conditions.



8 Conclusions

• This work has improved the understanding of qjality assurance problems
and has developed methods for quality control in robotic GMA welding of
mild steels.

• By the implementation of the suggested quality assurance (QA) model the
weld quality can be efficiently controlled and improved. Efficient quality
assurance requires three sssential components: systematic approach to rel-
evant activities, increased functionality of the robotic welding system and
improved knowledge for and collaboration between the personnel involved
in the design and production. Quality assurance requires engagement of
everyone.

• An essential knowledge for quality assurance and control is the knowledge
about the causes of weld defects. This knowledge is fundamental for the
prevention and elimination of quality disturbances and should be possessed
by the personnel involved in the design and production.

• The expert systems technology can be applied to generate welding proce-
dures. This technology can compensate the shortage of human expertise in
this field and increase the efficiency of the procedure specification. However,
the successful application of this technology requires precise definition of the
application domain and the acquisition of relevant and sufficient knowledge
of high quality.

• The process stability of GMA short-arc welding can be statistically evaluated
by the standard deviation of arcing times. This method provides a means
for the selection of optimal welding parameters.

• The PCP analytic technique provides a way to efficiently detect the dis-
turbances of the process stability. Baaed upon the PCP patterns and the
statistics of current and voltage signals of the welding arc, it is possible
to diagnose the causes and furthermore, the quality characteristics of the
resulting weld can be predicted.
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• The post-weld diagnosis of the causes of quality disturbances are necessary to
eliminate further quality disturbances of subsequent welds. A correct diag-
nosis requires knowledge about possible causes of weld defects, information
about the real and the allowed welding conditions. An efficient diagnosis
requires monitoring of the welding process. It is possible to apply expert
systems technology to assist the operator in the diagnosis.

• The QA model also provides a basis for the development of robotic arc
welding systems where weld quality and productivity are primarily impor-
tant. Further work should be concentrated on the integration of various
QA functions into the robotic arc welding system so that both quality and
productivity aspects of such systems can be further improved.
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