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ABSTRACT

The object of this research programme was to investigate methods that may be suitable for
integration into automated weld pool penetration control systems

Four techniques are considered:-

a. Melody. A technique for controlling penetration of constant current welds by
measuring the frequency of induced weld pool oscillations.

b. Arc voltage. Measurement of the welding arc voltage in order to detect induced
weld pool oscillations.

c. Pixel counter. A vision system to control the weld bead size from either the top
face or back face of the weld bead.

d. Thermal imaging. This is a vision system capable of supplying images of weld
pool without the need for extra illumination or any changes in the weld process.

Measuring induced weld pool oscillations by measuring the welding arc voltage, is
beleived to be a novel approach to detecting weld pool penetration. This technique is seen
as a backup or a verification technique for results obtained using the Melody penetration

SEnsor.

A great deal of progress has been made into front face vision for monitoring the motions
of the weld pool, during the welding process. The system developed has overcome the
major difficulty of excessive welding arc light. In previous front face vision systems a
means of interrupting the welding process was used to enable arc light to die away, or
artificial illumination of the weld was used. The front face vision system described in this
thesis neither interrupts the normal welding process or requires external illumination. To
the best of the author’s knowledge, the images of the molten weld pool presented in this
thesis are the best top face images obtained by a passive sensor. These images are
comparable in quality to those generated by artificial illumination and far exceed the
quality of those obtained by interrupting the welding arc. This belief is substantiated by
the development of a front face weld pool penetration controller, operating on a transputer
image processing system, for the aircraft industry.
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1. INTRODUCTION.

In order to establish a firm base for this thesis a certain amount of background
material is presented. Chapter 1 introduces some of the terminology associated with
welding. All the work presented herein has been performed using Tungsten Inert Gas
(TIG) welding [1], therefore an introduction to TIG welding is given.

1.1 WELDING - A DEFINITION.

Welding, as defined in BS499: Part 1 [2] is, "An operation in which two or more parts
are united by means of heat, or pressure, or both in such a way that there is continuity
in the nature of the metal between these two parts. A filler metal, the melting
temperature of which is of the same order as that of the parent metal, may or may not
be used".

All the work presented in this thesis has been carried out solely using TIG welding,
where the components are united by heat only.

1.2 TERMINOLOGY.

Plate 1 shows a constant current weld bead laid on a 3mm thick stainless steel test piece,
welded at Smms-1 at a current of 70 Amps.

Several welding terms are used repeatedly throughout. Therefore an introduction is
given here.

1. Torch - The device used to perform the weld.

2. Workpiece. - Piece or pieces of metal being welded.

3. Power Supply - Current source used to supply power for the welding process.
4. Weld Run - The action of laying down a weld.

5. Weld bead - An individual section of the weld run.

6. Weld pool - The molten area of metal.
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7. Filler wire - Additional metal added to the weld to increase the volume of
material.

8. Joint - There are many types of joint fig 1.0 illustrates these.

1.3 THEORY OF ARC WELDING.

An electrical circuit, such as that in fig 1.1 can be used as a very basic model of the
welding conditions. The current source models the welding power source. For arc
welding the load consists of welding torch, welding arc and workpiece. The following
introduction to the theory of the TIG welding process assumes the arc has been
established and all transients have died away.

An electric current is simply a flow of electrons [3]

dqQ

15
dt

1.1

If a gap exists in a circuit, electron flow is extinguished, unless the gas filling the gap
can be made to conduct. This is the scenario in electric arc welding, The shielding gas
is ionised to produce an electron flow from the cathode to the anode. fig 1.2. Using a
direct current supply with the electrode connected to the negative pole of the power
supply, a stable arc is established. About 60% of the total heat developed is at the
surface of the workpiece. Some 10% is lost by radiation and 30% is released at the
electrode [4,5]. In order to help maintain a stable arc a taper is ground onto the end of
the electrode fig 1.3.

Heat energy is measured in Joules [6], in arc welding it is difficult to measure heat
input directly. However, it can be deduced from the power input.

Assuming that the power radiated as light is negligible, the heat or power input can be
given as:

ARC POWER (WATTS) = ARC VOLTAGE * ARC CURRENT 1.2
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In a real situation the arc is likely to be moving over the workpiece, thus the
calculation has to be modified to take account of this:

CURRENT * VOLTAGE * 60

HEAT INPUT (J mml) = 1.3
TRAVEL SPEED

where:-
current = welding current.

voltage = arc voltage.

1.3.1 ARCIGNITION.
The arc can be ignited by several methods:

1. HF start - A spark is generated across the gap between tungsten and workpiece by a
high frequency high voltage signal.

2. Touch Start - The tungsten is brought ever closer to the workpiece until it touches,
short circuiting the power supply and starting a current flow. The electrode is then
pulled back from the workpiece, the arc established.

3. Carbon Start - The welder short circuits the tungsten to the workpiece using a
carbon rod.

4. Impulse - A high voltage is applied across the gap breaking down the gas and
starting an arc.

1.4 TIG WELDING.

Tungsten Inert Gas (TIG) welding is a high quality welding process [1]. The weld
produced is of high metallurgical purity, free from defects and has a good surface
finish.

Fig 1.4 illustrates the basic concepts of TIG welding. An arc is established between a
tungsten electrode and workpiece by using one of the methods outlined in section
1.3.1. The heat generated by the current flow through the tungsten, arc and workpiece
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circuit melts the edges of the joint, thus they flow together ensuring continuity of the
workpiece. If extra material is required to build up the weld filler wire is introduced

[4].

1.4.1 TORCH

The torch (fig1.5) used for TIG welding consists of a collet to connect the tungsten to
the power supply, it also provides an outlet for the shielding gas. A ceramic shroud is
fitted to the end of the torch to ensure the correct flow pattern for the gas at the
tungsten is maintained. It is important to prevent turbulence in the gas flow as
turbulence would allow air to oxidise the weld.

The tungsten is intended to serve only as a focal point for the arc and is not intended
to furnish any material to the completed weld. The grinding of a taper on the end
helps with the focal point aim and helps maintain a stable arc. The tungsten acts as
the electron source in the process, by adding thorium, the electron source properties
are enhanced.

1.4.2 SHIELDING GAS

Various shielding gases are used. Argon or Hilite, a 95% Argon, 5% Hydrogen
mixture, are the most common. Helium can be used for welding aluminium and other
highly conductive materials.

1.4.3 FILLER WIRE

Filler wire is often supplied on a drum and it is fed into the weld pool behind the
welding torch. In order to mix correctly with the pool, the filler wire should be
molten. For this to occur the filler wire should have a melting point similar to that of
the parent metal.

1.4.5 THE POWER SOURCE.

A TIG welding power supply unit behaves like a constant current source [3]. As such it
should have a current voltage characteristic closely resembling that shown in fig 1.6. Fig
1.7 illustrates how the variation in welding current remains small di although the arc
voltage changes substantially dV, due to changes in arc length.
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Modermn TIG power sources are complex integrated systems utilising power
electronics for weld current modulation. This has improved output accuracy and has
given increased flexibility in current control as well as reducing the physical size of
the apparatus. The use of electronics has opened up communications with the power
source, enabling easier external programming of the source and has enabled arc
characteristic data to be passed to external controllers. Fig 1.8 illustrates the
fundamental components of a typical power source.

Although TIG is predominantly a DC process [1,4,5] some materials such as
Aluminium call for the use of AC. Therefore, power supplies are switchable from DC
output to AC output.

1.4.6 CONTINUOUS TIG

A constant current (fig 1.9) is used to establish the welding arc, in order to fabricate
the joint either the torch is moved over the workpiece, or the workpiece is moved
under the torch. The current is set according to the type and the thickness of the
material being welded. For a constant current weld the depth of penetration is
primarily determined by the speed at which the weld is carried out.

For penetration control purposes there are only two factors that can be altered the
weld current and/or the weld speed.

1.4.7 PULSED TIG.
Although satisfactory welds are achieved using continuous TIG, pulsed TIG can
produce a better quality weld.

A typical welding current waveform is shown in fig 1.10. A high current arc is
applied to melt the material and when sufficient fusion has been achieved the current
is switched to background allowing the material to solidify. The joint or torch is then
moved and another high pulse current is applied to generate another weld bead. A
continuous weld can be achieved by overlapping these beads. With an overlap of 60
to 70 % the weld run is said to be contiguous.

There have been many reported advantages of pulsed TIG some of which are outlined
below
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a. There is reduced heat input to the workpiece for a given thickness thus reducing
distortion. This is because the weld is made by a localised high intensity heat source
over a short period of time.

b. Smaller beads are produced. Pulsed TIG improves penetration therefore the heat
can be applied for shorter periods. Pulsed beads are less susceptible to sag due to
gravity because of their small physical size.

c¢. Thinner materials can be welded due to the lower heat input.

Although many advantages can be drawn from the use of pulsed TIG, there are
disadvantages. The main one is the increase in the number of welding parameters,
pulse current, background current, pulse on time etc. that need to be specified prior to
welding.

If excessive pulse on times are used then, due to the high pulse current, over
penetration and even 'burn through' are a danger.

The correct choice of pulse on-off times is clearly very important as they will vary
from thickness to thickness and material changes. They will also be related to weld
speed. Fig 1.11 shows a nomogram intended to give a practical guide on choosing
pulse times.

1.4.8 HOT WIRE TIG.

A disadvantage of TIG whether pulsed or continuous, is the relatively low deposition
rate when compared to other processes such as MIG and Manual Metal Arc.
Therefore, there is a trade off between quality of weld and deposition rate. One
technique for producing fast high quality welds is to use a TIG root run followed by a
faster deposition technique to complete the job.

Deposition rates comparable with MIG can be achieved using Hot Wire techniques.
Fig 1.12 shows the improvement in deposition rate achievable using hot wire TIG
compared to cold wire TIG. The filler wire is heated by passing a current through it,
often from a separate power source. The heating current may be AC so as not to
disturb the arc's magnetic field. The higher deposition rate is arrived at because the
filler takes none of the heat energy from the arc, arriving at the pool molten. Fig 1.13
illustrates the equipment required for hot wire TIG.



1.4.9 AcTIG.

This technique is used for welding aluminium and manganese alloys. The periods of
electrode positive ensure efficient cathodic cleaning of the oxide film on the surface
of the material.

The disadvantage of AC TIG is the low penetration capacity of the arc, also as the arc
extinguishes every half cycle, a high frequency (HF) signal has to be applied
continually to maintain a stable arc. The low penetration capacity of the arc is a direct
result of the balled electrode, caused by the high degree of electrode heating during
the positive half cycle.

Sine wave AC welding is the normal, although, square wave AC has become
available in recent years [4,5]. Square wave has the advantage that the duty cycle can
be varied reducing the time that the electrode is positive therefore the degree of
electrode heating is reduced. The cathodic cleaning action has been found to be
sufficient with the tungsten positive for only 30% of the cycle [1]. Using square wave
AC TIG it is possible to perform AC welding without the need for constant HF.

1.4.10 APPLICATIONS

TIG is usually applied where precise high quality joints are required. It is used
primarily for welding stainless and heat resistant steels, aluminium, nickel and nickel
alloys. Due to the controllability of the heat input to the joint it has been exploited
where small heat affected zones are required. It also finds extensive use in aircraft
engines and for joints that are likely to find themselves in harsh environments, such
as inside nuclear reactors.

1.5 AUTOMATING TIG

TIG is probably one of the easiest of all the welding techniques to automate. One
approach to automation is to introduce a microprocessor based controller as a
replacement for the manual welder.

In essence all that is required is a method of moving the torch along a joint at a fixed
distance from the joint. However, the joint position may vary along its length due to
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a. heating effects of the arc making the material buckle
b. variations in joint fit up and presentation under the torch.

A skilled manual welder will automatically make adjustments for such variations.
Any microprocessor must have a means of detecting and correcting for these
variations.

Sloan et al [7] outline a simple microprocessor controller for the automation of welding.
This particular controller is an open loop controller [8], fig 1.14a as there is no feedback
path. The parameters are set according to some previous knowledge and a weld is made.
There is no detection for correct positioning or correct depth of weld.

Any microprocessor controller has to emulate the actions of a skilled welder. As a
result the controller has many actuators and sensors to communicate with. The
sensors are the feedback path making the controller operate as a closed loop system,
from the data collected it decides what actions to take in order to meet the required
condition. In order to produce high quality welds the actions of the controller can be
divided into four categories:

a. Control of the weld sequence.
b. Tracking the weld seam.
c. Diagnosis of problems as they arise.

d. Controlling the depth of penetration.

The timing of all actions is critical to the production of a good weld. Fig 1.15
illustrates a typical sequence for a complete weld run. A microprocessor lends itself
to this task quite well. All the timings and parameters can be loaded into the memory
and a programme written to follow a given sequence. Fig 1.16 illustrates how such a
controller would be subdivided. Better use of the microprocessor can be made if a
control algorithm is built into the programme.



Tracking the weld seam

It is important that the weld is correctly positioned. Due to tolerances in fit up and
heat distortion the seam may not always be in the same place. There are two
approaches to seam tracking

1. Two pass systems. Here an initial pass over the weld route is made without
the weld being laid down and the path traced is stored. On the second run the
stored path is traced and the weld put down. Unfortunately this technique does
not allow for any distortion due to heat.

2. Single pass systems. In this case a single weld run is made with the path being sensed
and weld being layered at the same time. Clark et al [8] and Smith [9] present seam
trackers with this behaviour. This is the preferred technique but it requires real time
analysis of the sensor information.

iagnosis of problem

It would be advantageous if cracks and faults that develop in the weld could be sensed

and diagnosed on line. Work by Powers et al [10] has shown that expert systems can be
used to achieve this aim. At present all diagnosis is performed off line.

ntrollin n i

The depth of the weld is a very important factor in determining the overall weld
quality as the degree of fusion governs the strength of the joint. Considerable effort
has been put into sensing penetration and it forms the basis of this thesis.

Sensors have been developed to detect penetration from the underside of the bead
(backface), although this may not always be accessible therefore a frontface method
is required. Chapter 2 discusses the difficulties involved and presents some solutions
in more detail.

In order to imitate the actions of a skilled welder, a truly automated welding cell
containing all of the above sections working together at the same time will be
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required. Fig 1.17 outlines the elements of such a welding cell. The computing power
required for on line real time performance is considerable. The advent of parallel
processing and the transputer is seen as a possible means of achieving this goal.

1.6 BASIC JOINT METALLURGY.

The atoms of a solid metal tend to arrange themselves in a simple but strict regular
geometric 'space lattice’ pattern that repeats itself throughout the solid mass so that
each atom is surrounded by exactly the same array of neighbouring atoms. This
systematic array of atoms constitutes a unit ‘cell' of the structure.

Fourteen types of cell pattern are geometrically possible, but three types predominate
[12,13]. Although several materials have the same space lattice they are characterised
by the unit cell and the properties of the atoms of which it is composed.

The three types of unit cell are:
1. Close pack hexagonal (CPH) fig 1.18a.
2. Face centred cubic (FCC) fig 1.18b
3. Body centred cubic (BCC) fig 1.18¢

The cell structure is the outcome of the constituent atoms trying to arrange
themselves as closely as their physical and chemical properties will allow. The
atomic bonding is 'metallic' ie. a bond in which the electrons are of each atom are
shared throughout the crystal mass.

1.CPH lattice.

The atoms within each plane are at the apices of a linked system of equilateral
triangles, each atom being surrounded by six equally distant close neighbours in the
same plane. Every alternate plate is in vertical alignment and each atom has three
equally distant close neighbours in each adjacent plane making twelve equally distant
neighbours in all.

2. FCC
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This lattice is similarly made up but only every third plane is in vertical alignment.
As a result the atoms are fixed as in fig 1.18b. There are four discernible systems of
close packed planes forming so called octahedral planes. In the CPH system each
atom has 12 equally spaced close neighbours.

3. BCC

Within a BCC lattice the atoms in the face planes of the unit cube array
themselves on a square pattern fig 1.18c each with four equally spaced neighbours.
Successive planes nestle in the one available nestling position to give each atom eight
equally spaced closest neighbours, four from each adjacent plane.

1.6.1 POLYCRYSTALINE STRUCTURE OF METAL.
Ideally any mass of metal could be imagined as consisting of one large crystal or
molecule. It is possible to grow very large single crystals; but generally the nature of
the solidification process prevents this and the metal is composed of a polycrystaline
aggregate in which there is a large number of differently orientated distinguishable
crystals or grains closely bonded to each other.

1.6.2 WELD BEAD STRUCTURE.

The term weld implies more than a mere sticking together of two pieces of metal.
Implicit in the word and clearly stated in most definitions, including BS499 is the
need for a true union between the welded parts. In metals such a union must be the
result of interdiffusion between the parts being joined. Using fusion welding such as
TIG where the edges of the joint become molten allows the atoms to diffuse freely to
form a joint. In this way continuity is achieved across a joint.

Solidification takes place easily under natural weld conditions because there are
nuclei already present in the unmelted parts of the crystals left on the edges of the
fusion zone. Columnar crystals readily grow from these seeds as shown in fig 1.19
leaving the solidified weld resembling a small chill casting bonded into the mold
walls (parent metal) which are thus integrated with the casting.

The columnar structure will tend to persist through from one layer of deposit to the
next in a multi run deposit.
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To be effective a fusion weld should have the following characteristics:-
1. A sound metal structure integrally fused with the parent metal.
2. No sharp corners or crevices.
3. It should be finished with a little reinforcement on the top or outer surface.
4. There should be uniform penetration right through the root of the joint.

Not only the area of material that has been fused is affected by the heat input, the
region surrounding the joint, the so called heat affected zone (HAZ), has also
undergone changes. Fig 1.20 indicates the zones of the HAZ.

1.7 SUMMARY

This chapter has introduced the terminology and formed a basic introduction to
welding technology. It has covered the circuitry required to produce a weld, the
various types of TIG welding and presented a little theory about the metallurgy of the
process. This information is necessary in order to understand any explanations
presented in later chapters. The focus is now narrowed to studying sensors for
monitoring and controlling weld pool penetration.
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FIG 1.4
TIG WELDING CONDITIONS
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