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Preface

Production of this guide to welding was prompted originally by a wish for an up-to-date
reference on applications in the field. The content has been chosen so that it can be used
as a textbook for European welding courses in accordance with guidelines from the
European Welding Federation. Over the last few years, an equivalent Swedish guide has
been used for courses on welding processes and equipment. The author hopes that this
guide will serve as a useful reference book for those involved in welding.

In writing the book, there has been a conscious effort to ensure that both text and
illustrative material is clear, concentrating particularly on interesting and important
aspects.

Although the book has been written in Sweden, with input from Swedish experts, it
reflects technology and methods that are internationally accepted and used. My thanks
are due to all those who have been involved in the work, with particular mention to:

Claes Olsson, HighTech Engineering, who wrote the chapter on design of welded
components.

Clues-Ove Pettersson, Sandvik, who edited the section on stainless steel.

Curt Johansson, SAQ, who wrote the chapter on quality management.

Gunnar Lindén, Air Liquide, who edited the chapter on welding costs.

Klas Weman
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1 Arc welding —an overview

1.1 History of welding

Methodsfor joining metal s have been known for thousandsof years, but for most of this
period the only form of welding wasforge welding by a blacksmith.

A number of totally new welding principles emerged at the end of 19th century;
sufficient electrical current could then be generated for resistance welding and arc
welding. Arc welding was initialy carried out usng carbon electrodes, developed by
Bemados, and wasshortly followed by the use of stedl rods. The Swede Oskar Kjellberg
made an important advance when he developed and patented the coated electrode. The
welding result wasamazing and formed the foundation of the ESAB welding company.

N2

W]__

Figurel.l Principleof Manual Metal Arc (MMA) welding.

Another early method of welding which was also developed at that time was gas
welding. Theuse of acetylene and oxygen made it possibleto producea comparatively
high flame temperature, 3100°C, which is higher than that of other hydrocarbon based
gas.

The intensity of all these heat sources enables heet to be generated in, or gpplied to,
the workpiece quicker than it is conducted away into the surrounding metal. Conse-
quently it is possible to generate a molten pool, which solidifiesto form the unifying
bond between the parts being joined.

Figure1.2 Submergedarc welding.
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WELDING PROCESSESHANDBOOK

Later, in the 1930s, new methods were developed. Up until then, dl metd-arc
welding had been carried out manually. Attempts were made to automate the process
using a continuous wire. The most successful process was submerged arc welding
(SAW) wherethe arc is'* submerged" in ablanket of granular fusible flux.

During the Second World War the aircraft industry required a new method for the
welding of magnesium and aluminium. In 1940 experiments began in the USA with the
shielding of the arc by inert gases. By using an electrode of tungsten, the arc could be
struck without melting the electrode, which made it possible to weld with or without
filler material. The method is called TIG welding (Tungsten Inert Gas).

Tunasten

Fller materia A - dectrode

(if necessary)

Figure 1.3 The TIG welding method.

Some years later the MIG welding process (Metal Inert Gas) was also developed
using a continuously fed metal wire as the electrode. Initialy, the shielding gases were
inert such as helium or argon. Zarubaand Potapevski tried to use CO, asthis was much
easier to obtain and by using the"'dip transfer' method they did manage to reduce some
of the problems caused by the intense generation of spatter; however when using arela-
tively reactive gas such as CO, or mixed gases such as argon/CO,, the process is

generdly caled MAG welding (Metd Active Gas).

Figure 1.4 The MIG/MAG welding method.

The power-beam processes electron beam (EB) welding and laser welding have the
most intensive of heat sources. The breakthrough of EB-welding came in 1958. The
aircraft and nuclear power industries were the first to utilisethe method. The main char-
acteristics of EB-welding are its deep and narrow penetration. Its one limitation is the
need for a vacuum chamber to containthe el ectron beam gun and the workpiece.

© 2%03, Woodhead Publishing Ltd



ARC WELDING - ANOVERVIEW

In some respects, Laser welding (and cutting) have idedl characteristics. The laser
beam is a concentrated heat source, which permitshigh speed and very low distortion of
the workpiece, unfortunately, a high power laser is largeand expensive. The beam must
also be conducted to the joint in some way. The light from a CO, laser must be trans-
mitted by mirrors, whilethat from a Nd:YAG-laser can be carried by athin glassfibre,
which makesit attractivefor use with robotic welding.

In the future it should be possible to utilise lightweight diode lasers with sufficient
power for welding. The diode laser has a higher efficiency in converting electrical
energy into the light beam. Althoughit has not yet been possible to produce diode lasers
with the same power output and beam quality as present welding laser sources; theseare
already being used for welding metal up to about 1 mm thick. The low weight and size
make them an interesting power source for use with robotic welding.

1.2 Terminology '
Welding methods

Definitionsof welding processesare given in ISO 857. Reference numbers for the proc-
esses are defined in ISO 4063. These numbers are then used on drawings(ISO 2553) or
in welding procedure specifications(EN 288) asreferences.

TABLE 1.1 Reference numbers for some fusion welding methods (SO 4063).

Welding method Reference number ‘
Metal-arc welding with coated electrode 111
Flux-cored wire metal-arc welding without gas shield 114
Submerged arc welding 12
MIG welding 131
MAG welding 135
MAG welding with flux-cored wire 136
TIG welding 141
Plasmaarc welding 15
Oxy-fuel gas welding 31
Basic terms

Pressurewelding. Weldingin which sufficient outer force isappliedto cause more or
less plastic deformation of both the facing surfaces, generally without the addition of
filler metal. Usually, but not necessarily, thefacing surfacesare heated in order to permit
or to facilitate bonding.

Fusion welding. Welding without application of outer force in which the facing
surface(s) must be melted. Usually, but not necessarily, moltenfiller metal is added.

Surfacing. Producing a layer of different metal by welding, e.g. with higher
corrosion, abrasion or heat resistancethan the parent metal.

Welding procedure specification (WPS). A document specifying the details of the
required variablesfor a specific applicationin order to assure repeatability (EN 288).

Deposition rate. Amount of meta supplied to thejoint per unit time during welding.

© 2003, Woodhead Publishing Ltd
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ARC WELDING - AN OVERVIEW

Heat input. The heat input has great importancefor the rate of cooling of the weld. It
can be calculated from theformula:

Effidengy*:
U160 e M|G'>AM'\,&AC§- 8‘5%
Q= ¥a00 - Eficiency SAW: 0.90
TIG: 0.80
where Q= heat input (kJ/mm)
U=voltage (V)
I = current (A)

V = welding speed (mm/min)

*) These efficiencies are close to physical measured values. Alwayscheck if other values
are giveninthe regulationsor standardsused by your company.

Heat Affected Zone (HAZ). The heat affected zone, (Figure 1.6), is that area of the
base metal not melted during the welding operation but whose physical properties are
atered by the heat induced from the weld joint.

\
Hesat affected zone

Figure 1.6 Filletweld showing the location of weld toes, weld face, root and heat
affectedzone.

7

Root

Throat thickness. Fillet welds are calculated by referenceto the throat size. Thesize
required is specified on drawingsin termsof throat thickness, t, or theleg length, 1, see
Figure 1.7.

Concave fillet 7 Convex fillet

Figure 1.7 Throat thickness(t) and leg length @) in a fillet weld

\ AN N
N
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Joint types

Joint typesare chosen with regard to the welding method and plate thickness. Theideal
joint providesthe required structural strengthand quality without an unnecessarily large
joint volume. The weld cost increases with the size of the joint, and the higher heat input
will cause problemswith impact strength and distortion.

Joint preparation can also beexpensive; thereforeit is preferableto usejoint typeswhere
the joint faces are parts of the workpiece. This means that fillet welds are probably the
most commonly used joints.

Included angle

Bevel angl
Top side

Root face Joint faces
Root face | \ 7—
Root side b i Root gap width

Figure 1.8 Joint terminology.

1 || | I \ |

Square butt preparation Single V preparation

l X |

Double V preparation

| l ) |

T-joint Single U preparation

| — ﬂl:l

Lap joint assembly T-joint with single
J preparation

Figure 1.9 Examplesofjoint types.
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Welding positions

There are essentialy four different fundamental welding positions, namely flat, hori-
zontal-vertical, overhead and vertical position. Vertical position welding can be carried
out as vertical upward or vertical downward welding. In addition, fillet welds can be
made in the horizontal -vertical position or in the flat position, see Figure 1.10.

«(«((«((u(m((uﬂ

PA (1G) Flat or downhand PC (2G) Horizontal/Vertical

PE (4G) Overhead

NN

PG (3G) Vertical-down PF (3G) Vertical-up

Figure 1.10 Definitions of weldingpositions for butt welds, as given in EN 287-1. AWS
designation in parenthesis.

A7

PA (IF) Flat position PB (2F) Horizontal/Vertical

I/

NN,
-—

PD (4F) Overhead

)

PG (3F) Vertical-down PF (3F) Vertical-up

Figurel.11 Definitions of weldingpositions forfillet welds, asgivenin EN 287-1. AWS
designation in parenthesis.

1.3 Distortion

All fusion-wel ding methods produce the weld by moving a molten pool aong the joint;
when the heated metal cools, the shrinkageintroducesresidua stressesand distortion in
the welded structure. The stresses produce longitudinal and rotational distortion.

Longitudinal distortion. " Shortens™ the weld, but may in many cases not be a serious
problem. An exampleof this type of distortionis awelded beam that can be bent if the
weld is not located symmetrically (in the centre of gravity of the cross section). If more
than oneweld is used, they must be symmetrical.

Rotational distortion. Therotational distortion (see Figure 1.13) can be minimised by
making the weld bead symmetrical about the neutral axis or by having a parallel-sided
single pass weld, as with electron beam welding. A stiff section can also prevent this
type of distortionfrom appearing.

© 2003, Woodhead Publishing Ltd
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Original shape Longitudinaldistortion after welding

Figure1.12 Longitudinal distortion.

Distortion is often minimised by offsetting the joints prior to welding, or by placing
weld beads in a suitable sequence.

Original shape | Shape after welding

% 1
| \ CCC————— 1
I/ \J Rotational distortion

Pre-setting

I | e

Figure 1.13 Rotational distortion can be prevented by pre-settingto compensate for
distortion.

Limiting the heat input can also reduce distortion. A more intense heat sourceallows
higher speed, lower heat input and less distortion. See Figure 1.14.

Electronbeam Laser Plasma TIG

Figure1.14 Penetration profile for some different welding methods.

1.4 The welding arc

A welding arc is an electric discharge between two electrodes. The welding current is
conducted from the electrode to the workpiece through a heated and ionised gas, called
plasma. The voltage drop and current in the arc give the amount of electric power that is
released, the heat of which, meltsthe éectrode and the joint faces.

The power must also be high enough to keep the temperature of the arc sufficient for
the continued transport of the current. The temperature maintainsionisation of the gas,
i.e. it createselectrically charged particlesthat carry the current.

© 2003, Woodhead Publishing Ltd
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Depending on the choice of shielding gas, different temperaturesare needed to keep the
plasma ionised. Argon, for example, is easier to ionise than helium. That means that
weldingin heliumor helium-mixed gases producesahigher voltage drop and higher heat
input to the weld pool.

When welding with aconsumable electrode, such as MIG/MAG welding, the arc has
two main functions. One is the above-mentioned supply of heat for melting the mate-
rials; the other is the transport of the molten electrode material down to the weld pool.
Thisdroplet transfer is very dependent on the electromagneticforces and surfacetension
in the arc region. These forces have a great influence on the behaviour of the welding
process, and enable one to distinguish between different arc types.

Spray arc

At high current, the resulting magnetic forces are directed downwards which helps the
droplet to be released from the surface tension at the electrode. The droplet transfer is
characterised by a stream of small droplets.

Short arc

At lower current it hasthe opposite effect. The magnetic forces are smaller and are also
directed upwards. The droplet hanging at the tip of the éectrode tendsto increasein size
and the process runs the risk of being unstable. A way to overcome this problemis to
keep the arc length so short that the droplets will dip into the pool before they have
grown too much. Surface tension will then start the transfer of the melted material and
the tail of the droplet will be constricted by the magnetic forces, the so-called " pinch
effect.

No meta istransferred in the form of freedroplets acrossthe arc gap. The stability of
the short circuiting transfer is very sensitive to variations in the shielding gas, the
chemical composition of the electrode and the properties of the power source and wire
feed system.

Magnetic arc blow

The force or 'arc blow' that arises when the magnetic field around the arc is not
completely symmetrical, is a well-known problem with arc welding. In critical cases, it
can result in adefective weld.

«  Thewed pool, and thusthe weld bead, can be deflected towardsone side, producing

adefective weld.

+ If thearcisdeflected along thejoint, the width of the bead and the penetration can be
affected.

+ Theprotection provided by molten dag or gascan be affected, resulting in the forma-
tion of pores.

» The problem becomesworse, and more noticeable, as the welding current increases,
as this results in a corresponding rapid increase in dl the electromagnetic forces in
and around the arc.

© 2003, Woodhead Publishing Ltd
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Possiblecauses

The return current connection is asymmetric
Welding close to a return current connection, or with an asymmetricaly connected
connection, isa common cause of this problem.

\\\ Arc

Welding current ) Workpiece

—

Return cable

Figure 1.15 Rule of thumbno. |: The magnetic forces from the welding current attempt
to widen the current path.

The workpiece is asymmetric
The magnetic arc blow that arises when welding close to an edge or where the metd
thicknessincreases.

Iron

Figure 1.16 Rule of thumb no. 2: If magnetic material (iron) in the workpiece is
asymmetrically distributed, the arc will move in the direction where there is the most
metal.

Electrodes close to each other when using multi-electrode welding

Common in connection with, for example, submerged arc welding. Each current-
carrying conductoris surrounded by its own magneticfield. The magnetic field fromone
electrodecan interferewith the arc from an adjacent el ectrode.

- + +

Figure 1.17 Effect from a nearby electrode.
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Induced magnetic fields from the welding current

When welding in steel, the workpiece can provide a path for the magnetic field. An
example of thisoccursin connection with internal longitudinal welding of a pipe or tube,
where the welding current supply cable induces a magnetic flux in the tube. The joint
produces a break (also known as an air gap) in the magnetic path, so that the magnetic
flux spreads out and affectsthe arc.

Permanent magnetic fields

These are magnetic fields from magnetic clamping bedplates, or remanence (residua
magnetisation) in the workpiece from, for example, lifting magnets, magnetic non-
destructive testing or partsof jigs that have become magnetised by the welding current.
Even the earth's magnetic field can be concentrated close to the ends of long stedl items
lying in a north-south direction, affecting the arc.

/ Iron

Figure1.18 Example: Holdingthe electrode at an angle (see rule of thumb no. 1) can
compensate for the arc blow on asymmetricwor kpieces(rule of thumb no. 2).

Recommended measures

« Do not connect the return current connector close to the position of the weld.
Welding towards the return current connection is often preferable. When welding
long items, the current can be more evenly distributed by attaching equally long
return current cablesto each end of the object.

+ The use of adequately sized starting and finishing discs can reduce problems at the

beginning and the end of ajaint.
Eddy current ,Magnetic flux
- 4~
- J AN/

Figure 1.19 Eddy currentsin the workpiece limit the magnetic flux when welding with
AC.

« AC wdding is often better than DC welding: the interference from an external
magneticfield is symmetrical, dueto the congtantly changing directionof the current,
and thereislessrisk of interference resulting from induced fields. Thisis becausethe
constantly reversing magnetic flux is opposed by eddy currentsin the workpiece.

© 2003, Woodhead Publishing Ltd
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1.5 Shielding gases

The most important reasonto use a shielding gasisto prevent the molten metal from the
harmful effect of the air. Even small amounts of oxygen in the air will oxidise the
aloying elements and create slag inclusions. Nitrogen is solved in the hot melted mate-
rial but when it solidifies the solubility decreases and the evaporating gas will form
pores. Nitrogen can also be a cause of brittleness. The shielding gas aso influencesthe
welding properties and has great importance for the penetration and weld bead geom-

ery.

Argon (Ar)

Argon is one of the most popular shielding gases thanksto its suitableproperties. Asan
inert gas it has no chemical interactionwith other materials. Thereforeit is suitable for
sensible materials such as aluminium and stainlesssteel. At MIG welding of mild steel
an addition of CO, or a small amount of oxygen will increase the welding properties,

especidly for short arc welding. Contents of up to 20 % CO, improves the penetration
(limitsthe risk of lack of fusion) while 5-8 % will give reduced spatter.

Helium (He)

Heliumlike argonisaninert gas. It givesmore heat input to the joint. Mixed with argon
it increases welding speed and is advantageous for the penetration in thick-walled
aluminium or copper where it compensatesfor the high heat conduction.

Drawbacks with helium is a high cost and the low density. At TIG welding, high
contentsof heliumwill reduce theignition properties.

Carbon dioxide (COy)

Pure carbon dioxide (CO,) can be used for short arc welding. It is a cheap gas, it has
good properties for welding of galvanised steel and gives better safety against lack of

fusion than argon based gases. Drawbacks are a higher amount of spatter and the fact
that the gas cannot be used for spray arc.
Hydrogen (Hj)

Small additions of hydrogen can be used to increase heat input and welding speed in the
same manner as helium, but it is much cheaper. Becauseof the risk of cracks, hydrogen
can only be used for welding of austenitic stainlesssted. It actively reduces the oxides
and is therefore also used in root gases.

Oxygen (O,)

Oxygen is aso used asa small addition to stabilise the arc at MI1G welding.

Nitrogen (N2)

Nitrogen can be used asan dloying element in ferritic-austenitic stainlesssteels. A small
additive of nitrogen in the shielding gas compensatesfor the losses when welding.

© 2003, Woodhead Publishing Ltd
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1.6 Power sources

The importance of the power source for the welding process

The main purpose of the power source is to supply the system with suitable electric
power. Furthermore, the power source performanceis of vital importancefor thewelding
process; the ignition of the arc, the stability of the transfer of the melted electrode mate-
rial and for the amount of spatter that will be generated. For this purposeit is important
that the static and dynamic characteristics of the power sourceisoptimised for the partic-
ular welding process.

Static characteristics

The static characteristics of a power unit can be plotted by loading the power unit with
an adjustable resistive load. We speak of drooping characteristics, constant-current
characteristicsand straight characteristics(constant-voltagecharacteristics).

Voltage

4
Open-circuit / \\/
\ —

2 b
voltage E,i—/c
i

_— Current

Figure1.20 Examplesof a) a drooping characteristic, b) a constant-current
characteristicand ¢) a straight or slightly drooping characteristic.

Short-circuit current

A constant-current characteristic is used when the arc length is controlled by the
welder, e.g. in TIG welding. If the arc length is unintentionally changed, the arc voltage
changesto maintain aconstant current.

Adrooping characteristicis used for MMA welding, where it is an advantage if the
short-circuit current is somewhat higher than the normal load current in order to prevent
the electrode from 'freezing' to the workpiece when attempting to strike the arc. A
drooping characteristic, as compared with a straight characteristic, also permits a higher
no-load voltage, whichis needed when weldingwith AC in order to prevent the arc from
extinguishing too easily.

Straight characteristic (constant-voltage characteristic)

If the voltage remainsalmost constant when it isloaded it isknown asa constant voltage
or flat characterigtic. Typically a voltagedrop of 2-5 V/100 A isnormadl. A straight char-
acteristic maintainsgood control of the arc length when welding with methodsinvolving
a continuoudly fed filler wire, such as MIG or perhaps submerged arc welding. In this
case, the current is determined by the speed of the filler wire (i.e. the quantity of filler
material being fed into the weld).
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Self-regulation of the arc

The point of intersection between the arc characteristic and the power unit load charac-
teristic is referred to as the working point. The working point at any particular time
represents the welding current and voltage at that time. If the arc length is to be stable,
the power source characteristic must not slope too much.

Voltage

N Original length of the arc

N Shorter arc

-

Current

Figure1.21 How the slope of the power unit characteristic affectsthewelding current if
the arc length is altered.

If, for example, something happens so that the length of the arc is reduced, the
voltage dropsand the current increases. It can be seen from Figure 1.21 that the current
increases from working point 1 to working point 2 if the slope of the characteristic is
dlight, but only to working point 3 if the characteristic has a steep dope. Theincreasein
current raisesthe rate of melting of the electrode, and the arc length is restored. Thisis
known as the self-regulation characterigtic of the arc length. MIG/MAG power units
have astraight characterigtic in order to provide good self-regulation performance.

Setting the current and voltage

When welding with coated electrodes, or when performing TIG welding, it is the
current that is set on the power unit, with the arc voltage then depending on the arc
length that is used.

Whenwelding with a continuously supplied filler wire, e.g. MIG/MAG welding, it is
the voltage that is set on the power unit. The voltage then determines the length of the
arc. Thisis a result of the arc's self-regulation characteristic: if the welder raises the
welding torch, the arc length does not alter: instead, it is the wire stickout that alters.
The current cannot be set directly: instead, it dependson the wire feed speed (and wire
diameter) used.

The current, in other words, setsitself so that it isat just the value needed to melt the
filler wire at the same rate asthe wire isfed out. Changing the voltage, for example, does
not greatly affect the current.

© 2003, Woodhead Publishing Ltd
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Figure 1.22 Therelationship between current and rate of melting for MIG/MAG
welding with normal stickout. (Filler wire: ESAB Autrod 12.51).

When performing submerged arc welding, and some other welding processes, with
thicker electrodes, it can sometimes be preferableto use power units with drooping char-
acteristics. The current then depends on the current setting in the power unit: asaresult,
the setting procedureis the reverse of what isnormally the case. As self-regulation does
not work very well with a drooping characteristic, an arc voltage regulator is used to
control the wire feed speed. Asa result, thearc and the arc length are kept constant.

Dynamic characteristic

With relatively slow changes in the arc, one can assume that the working point follows
the power unit static characteristic. However, in the case of more rapid changes, the
dynamic characteristics of the power unit (mainly itsinductance) increasingly determine
how quickly the current can change to suit. Thisis important, particularly when welding
with short-circuiting drop transfer.

Power unitsfor short arc welding usualy incorporate an inductor in their output. The
action of the inductor can be likened to the effect of a flywheel in a mechanical system;
if the voltage changes instantaneously, as when a droplet of molten metal short-circuits
the arc, the current will rise much dower. Thereforeit isimportant that there should not
be a current surge during the short circuit, as this would result in high electromagnetic
forcesthat would cause spatter and oscillations on the surface of the weld pool.

The am is to achieve a high, steady short-circuiting frequency, with finely
distributed droplets. The arc should strike quickly and cleanly. It is essential that the
power unit hasthe correct dynamic performance.
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Figure 1.23 Welding current in short arc welding with low inductance (top) and with
high inductance.

Welding with alternating current
AC isapopular choicefor welding due to the fact that it usesa simpleand inexpensive

power unit. Introducing alternating current does however lead to complicationsbecause
unless special stepsare taken, the arc will extinguish on each zero crossing. The need to
re-ignite the arc also restrictsthe choice of coated electrodesand requiresa sufficiently
high open-circuit voltage, of at least 50 V, or more. However, electrical safety require-
ments currently restrict the open-circuit voltage to 80 V. (Specia regulationsapply in
confined or damp areas. see Electrical safety requirementson page 24).

The advantages of aternating current are reduced risk of magnetic arc blow effect
and good oxide-breaking performancewhen T1G-weldingaluminium. AC welding can
be a good alternativewith certain coated el ectrodes, as it providesa higher melting rate
and reduced smoke generation.

Specia power units for AC welding, with a square wave pattern, have been
developed. They are electronically controlled, and can have such rapid zero crossing
transitionsthat they can be used for processesthat would otherwiserequirea DC power
source, e.g. TIG or MIG welding. An additional functionon these power unitsisthat it is
possible to control the relative proportionsof the power supply during the positive and
negative parts of the cycle, known as balance control.

Different types of welding power units

The welding power unit converts the high voltage of the mains supply to a non-
hazardous level, i.e. it provides a means of controlling the current or voltage and
produces the necessary static and dynamic characteristics as required by the welding
process. Figure 1.24 showsthe historical development of welding power units.
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Figure 1.24 Historical development of weldingpower units.

Motor-generator sets
Motor-generator sets were popular for many years, and are still sometimes used,
although no longer manufactured. High cost and poor efficiency made it difficult for
them to compete with modem welding power units. However, their welding characteris-
ticscan be excellent. They consist of a (3-phase) motor, directly coupledto a DC gener-
ator; as the motor speed depends mainly on the mains frequency, these units are
relatively insensitiveto variationsin the supply voltage. They can be remotely controlled
by varyingthe excitationcurrent.

Welding generator power units driven by petrol or diesel enginesare still made, and
fill aneed: they are used at sites without asupply of mainselectricity.

The welding transformer

Welding transformersprovide aternating current, and are the cheapest and perhapsthe
simplesttype of power unit. They are usad primarily for welding with coated electrodes,
although they can also be used with other welding methods when the use of aternating
current is required. As opposed to other transformers, welding transformers generally
have a drooping characteristic. A common way of effecting this is to separate the
primary and secondary windings so that there is a certain leakage of magnetic flux.
Adjusting the required welding current is then carried out by moving an additional
section of core in or out of the windings by means of a handwheel. More advanced
power units, for use with TIG, submerged arc and occasionally MIG welding, can be
controlled by thyristorsor transistors using square-wave switching technology. In such
cases, it iscommon for them to be able to switch between AC and DC, producing what is
known as AC/DC-units.
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Welding rectifier

A traditional welding rectifier power source producesDC, and usualy consistsof alarge
3-phase transformer with some form of rectifier on the secondary sde. Power sources
having a straight characteristic, for use with MIG/MAG weldiig, generally arrange for
voltagecontrol by means of atap-changer on thetrandformer. An dternativeisto usea
thyristor-controlledrectifier bridge. Unfortunately, this has the disadvantage of chop-
ping the output voltage, which makesit also necessary to fit a smoothing inductor. This
isbecause the smoothnessof the current has aconsiderableeffect on thewelding charac-
teristics. Thyristor control also providesameansof stepless remote control and insensi-
tivity to variationsin the mainssupply voltage, Overdl efficiency is70-80 %.

The response peed of thethyristorsis limited by the mainsfrequency, but is never-
theless sufficiently fast to alow the static characteristics of the power unit to be
controlled. Thismeans that the characteristiccan be given varying dopes, from straight
to drooping, so that the unit can be used with severd different welding methods.

Welding inverters

Inverter units gppeared on the market during the second haf of the 1970s. In a primary-
switched inverter unit, the 50 Hz mains supply is first rectified and then, using power
semiconductors, is turned back into AC at a higher frequency, usudly in the range 5-
100kHz. Thisreducestheweight of thetransformer and inductor to afractionof what is
needed for a 50 Hz unit, making the power unit smal and portable. Low lossesresultin
high efficiency, to the order of 80-90%. The high working frequency aso adlowsthe
unit to be controlled at a speed that is comparable with the rgpid processes occurringin
connection with droplet transfer in the arc. Such units can therefore have excellent
performance. In comparison with traditional power sources, inverter units offer the
following advantages.

. Lowweghtand small size

- Good weldiig performance

+ Severa welding methods can be used with the same power source
« High efficiency

y [

"--———-....:> N= Number of turns
— I = Current

U =Voltage

A =1fron core area
B = Max flux density

C N f= Frequency

Figure 1.25 Thesze of thetransformer and inductor depend on the number of turnsand
the cross-sectional core area, both of which can be reduced asthe frequency is
increased.

4,44-f-B
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A primary-switched inverter power source therefore combines low weight with good
control arrangements. Its drawbacks are: that it is more complicated and difficult to
make adjustablefor different mains supply voltages.

For stationary applications, where weight is unimportant, a secondary-switched
inverter power source can provide a useful alternative. These units use a conventional
transformer, followed by arectifier and aswitching sectionthat controlsthe current with
the same precision asin a primary-switched inverter power source.

Development trends

Modern electronics and computer technology have had a considerable effect on the
development of arc welding equipment. This applies not only to the power circuits, but
alsoto the control el ectronicsin the power unit and in other partsof the electrical equip-
ment used for welding. This rapid rate of development may seem confusing, providing
many new potential setting instruments and controls. The following pages provide a
review of the new opportunitiesand conceptsthat are available.

Inverter control

Where welding characteristicswere previoudy determined by the designand limitations
of the heavy current circuits, control can now be provided by electronics and/or
computers. Effectively, the high-speed power circuit operatesas an amplifier, providing
new opportunitiesnot only for control of the welding parameters, but also for control of
the processitself.

Electric and welding characteristics
Different types of welding methods require different static characteristics. Electronic
control increasesthe flexibility of the power source, and it is relatively simpleto incor-
porate featuresenabling it to be used with several different welding methods. In addition
to MIG/MAG, a power source may perhapsalso be suitable for use with coated elec-
trodesand TIG welding, without necessarily involving any significant extra cost. Many
of the more advanced units are therefore suitablefor use with severa different types of
welding.

However, it is not sufficient to smply modify the static characteristicin order to suit
a power source to different welding methods. Appropriate dynamic characteristicsare
needed in order to achieve smooth, stable welding without spatter, particularly when
using filler wire processeswhere the arc is short-circuited by molten droplets.

Conventionally designed welding power sources could only be used for one
particular type of welding method. They were generally optimised for a particular range
of electrodes, materialsand shielding gases. Electronically controlled power sources, on
the other hand, with fast reactions, make it possible to adjust the characteristicsof the
power source to suit the particular process.

Controllablewelding characteristics

The welding characteristics of the power source dictate how well the power source
performs when welding, e.g. that starting is immediate and without problems, that the
arc is stable with a smooth transfer of dropletsand that any spatter formationis limited
and finely distributed. As a rapidly controllable power source does not essentialy have
any characteristicsof its own, they have to be produced by the electronic or computer
control.
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Good characteristicsare particularly important when using short-arc welding, espe-

cialy when consideringthe stream of molten dropletsto be transferred to the weld pool.
Detachment of each droplet is critical, bearing in mind possible spatter formation and
the forces that can cause surging of the molten metal in the weld pool. Correct control
can maintain a high, consistent short-circuitfrequency, resultingin stabletransfer of fine
dropletswith a minimum of large spatter droplets. These characteristicsare particularly
important when using CO, asthe shielding gas.
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Figure 1.26 The speed of response of the power sourceis decisivein determining and
controlling various processesinthe arc.

Computer control

Themost advanced power sourcesgenerally incorporate some form of computer control.
The computer can be used for communication with the user selecting the welding
method and making the necessary parameter adjustments. A memory providesa means
of saving and reusing previously used settings. Computer control allows maximum utili-
sation of theflexibility provided by modem power sources.

Software control of current output and the welding process

Multi-process possibilities- MIG, TIG and MMA welding with the same equipment
Synergy line characteristics, providing optirnised settings/performance for each situ-
aion

Pulsed arc M1G welding

Feedback control of welding parameters, guaranteeingimproved accuracy and repro-
duction
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+ Improved welding start and stop functions
+  Man/machine communication with the user through the control panel

The ability to achieve the intended welding quality is improved by the availability
and/or use of variousfunctions, examplesof which are shownin Table 1.2 below.

TABLE 1.2 Examples on functions available on advancedpower sources.

Function Process
Sart of welding Creep dart MIG

Gas pre-flow MIG, TIG

Hot sart MIG. MMA

HF-gtart TIG

Lift arc TIG

Slope up TIG
Continuous welding Pulsed MIG welding MIG

Arc length control MIG

Step-lessinductancesetting MIG

Synergy lines MIG. MMA

Pulsed TIG TIG

Slope up TIG

Arc force MMA

Feedback controlled parameter set- MIG, TIG,

tings MMA
Finishinga weld Crater filling MIG

Slope down TIG

Bum back time setting MIG

Shake off pulse MIG

Gaspost flow MIG, TIG

MIG/MAG and other welding processes require several welding parameters to be
optimised in order to achieve the best results. A popular way of doing thisisthe use of
single-knaob control, known as synergic setting of the welding parameters. This repre-
sents combinations of parameters that have originally been established by skilled
welders, e.g. combinations of wire feed speed, current, voltage etc., with the results
being stored in the memory of the power source. Users start by selecting the required
welding method, followed by the type of material, wire diameter and shielding gas. Any
subsequent change in the wire feed speed is then compensated by the power source
which, at al times, adjusts the other parameters as necessary. Neverthel ess, the welder
can a so override the settingsand make manual adjustmentsfrom these default character-
isticsif required.
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Rating data for power sources

The power sourcerating plate liststhe design ratings of the power source, with the most
important being the related values of rated current, rated voltage and duty cycle. Other
interesting information shown on the rating plate includes efficiency and power factor,
open-circuit voltage, and insulation class etc. |EC 974-1 gives details of how power
sources are to be tested and of what informationisto be shown ontherating plate.

ESABWelding Equipment AB
8-69581 Laxd Sweden
Made in Sweden ﬂ c E

AristoArc400
e S9TIS
e

16A/21V- 400A/ 36V

2= | =T x [35x]eox]100x
UD Uo= l2 [400A[320AR50A
i |78-90V[ U, [3ev|33v][3ov

;llD::s'v ;J,_:g%\: imox 38A |lierr 22A

AF IP 23 [s]

Figure 1.27 Rating plate.

Standard for welding power sources

The International and European Standard IEC/EN 60974-1 specifiesdemands on power
sources regarding electrical safety. It defines important design principles, rating and
testing of the equipment to ensurea safe operation.

Application class [s]

This symbol showsthat the power unit is designed for usein areasof elevated el ectrical
risk, i.e. where conditionsare cramped (with electrically conducting walls or equipment
etc.), or whereit isdamp.

Enclosure class

The I P code indicatesthe enclosureclass, with the first figure indicating the degree of
protection against penetration of solid objects, and the second figure indicating the
degreeof protection against water. | P 23 issuitablefor useindoorsand outdoors.

Class of insulation

Thetransformer and inductor insulationmaterial limitsthe maximum temperatureon the
windings. If a power source uses class H insulation material it meansthat it is made for
180°C (20 000 hours). At a heating test of the power source with this class of insulation
it is controlled that the rise of temperature in windings not exceeds 125 degrees above
ambient temperature.
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Rated current

The rated currentis the current for which the power source is designed. In some cases, a
number in the name of the unit may give the impression that it can supply a higher
current: alwayscheck thetechnical dataor the rating plate to make sure what the actual
valueof rated currentis.

Rated voltage

IEC 974 specifiesa standard load line which, for each value of rated current, showsthe
voltageat which the power source must be tested and with which it must be marked. This
meansthat it is easier to compare the rated datafor power sourcesfrom different manu-
facturers. The relationships specified by |EC 974 differ from one welding method to
another: for currentsup to 600 A, thevoltagesare asfollows:

MMA and SAW: U=20+0.04.1 For currentsabove600A: U=44V

TIG: U=10+4+0.04-1 For currentsabove600 A: U=34V

MIG/MAG: U=14+0.05-1 For currentsabove600 A: U=44V
Duty cycle

The power source rating is also determined by its duty cycle, which indicatesfor what
proportionof a period of ten minutesthat the power source can be operated at the speci-
fied load. 400 A at 35 % duty factor, for example, means that the power source can
supply 400 A for 3.5 minutesin every ten minutesindefinitely without overheating.

Efficiency and power factor

The efficiency indicateswhat proportion of the input power findsits way through to the
welding process. If the efficiency is 75 %, this means that 25 % of the input power is
dissipatedin the form of heat lossesin the power source.

Welding current. Welding voltage

Input power =
Putp Efficiency

The actual power demand can then be calculated if the efficiency is known. The
active power supplied to the sourceis measured in kW, and determines the energy cost.

The current to be supplied by the mains, and thus passing through the supply fuses,
increasesif the efficiency is poor. However, in order to be able to work out the supply
current, we al so need to know the power factor. For a 3-phase supply, we have:

[1 =___BL_.__
Ur-J3-4

where:
I; =mains current [A]
P, =input power [W]
U; = supply voltage [V]
A = the power factor
The power factor depends partly on the phase displacement between the current and
the voltage, and partly on the shape of the current waveform if this departsfrom a sine
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wave. Multiplying the current and voltage gives the reactive power, which is measured
in kVA and which is of importance when determining the capacity of the electrical
supply system.

Typical values of power source efficiency are in the range 0.75-0.85. The power
factor can be as high as 0.95, e.g. for a semi-automatic power source with tap-changer
control or for certain inverter units, although it is usually considerably lower for MMA
power sources. The power factor of large welding transformerswith drooping character-
istics is often improved by the fitting of phase compensation capacitors, which can
improvethe power factor from for example 0.40to 0.70.
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Figure 1.28 Annual energy consumptionfor different types of manual (AMA) power
sources. The differences are due to the different efficiencies and no-load losses of the
power Sources.

Electrical safety requirements

It isimportant from the point of view of electrical safety that the open-circuit voltage of
the power unit isnot too high. Thisis particularly important when using AC for welding,
where a high open-circuit voltageis often required in order to ensure astablearc. At the
same time, health and safety requirements are particularly strict in connection with the
use of AC. IEC 974 permits a maximum of 80V AC, as compared with 113V DC.
Open-circuit AC voltage may not exceed 48 V in wet areas or confined spaces, which
are regarded as presenting a higher electrical safety risk. Specia devices intended to
reduce the open-circuit voltage are available to allow safe welding without affecting the
welding characterigtics.

A welding circuit is not protectively earthed: therefore it is particularly important
that the power source is well insulated in order to ensure that the mains voltage cannot
reach the secondary circuits.

Transformer winding insulation is exposed to high temperatures, so the materid
must be of a suitable insulation class to withstand the temperature. A rise of 10°C
reducesthelife of the material by half. Thereforeit is particularly important to keep the
interior of the power source clean in order to maintain adequate cooling performance.

Power sources used outdoors should be designed so that moisture and rain cannot
degrade the insul ation performance.

Despite al these measures, the welder should still take care:  the use of gloves,
together with undamaged dry clothing, is recommended.
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Firerisks

Welding or thermal cutting are common causes of fire. Experience showsthat the risks
ae greatest in connection with temporary work in premises or areas not normally
intended for welding. If such work hasto be carried out, the person responsiblefor safety
must decide on what protective measures need to be taken.

Cleaning and remova of combustiblematerialsin therisk zone.

Any holes or gapsin combustible materials used in the building must be covered or
sealed so that weld spatter or sparks, e.g. from gas cutting, cannot find their way in.

Dampening surfaceswith water.

Screening off the work area.

Ensuring that adequateextinguishing equipment is available.
Supervision and subsequent checking after wel ding has been concluded.

Figure 1.29 Risksare greatest in connection with temporary work in premises or areas
not normally intended for welding
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2 Gas welding

Gaswelding is one of the oldest methods of welding and, for many years, was the most
widely used method of meta-melting; however, its use is a lot less common today.
Nevertheless, it isa versatile method, using ssmple and relatively cheap equipment. It is
suitablefor repair and erection work, for welding pipes/tubes and structureswith a wall
thicknessof 0.5-6 mm in materials particularly proneto cracking, such as cast iron and
non-ferrousmetas. It isalso widely used for cladding and hardfacing. The heat is gener-
ated by the combustionof acetylenein oxygen, which givesa flametemperature of about
3100°C. Thisis lower than the temperature of an electric arc, and the hest is also less
concentrated. Theflameisdirected onto the surfacesof thejoint, which melt, after which
filler material can be added as necessary. The melt pool is protected from air by the
reducing zone and the outer zone of the flame. The flame should therefore be removed
dowly when the weld is compl eted.

The less concentrated flame results in slower cooling, which is an advantage when
welding steels that have a tendency to harden, although it does make the method rela-
tively slow, with higher heat input and the added risk of thermal stressesand distortion.

In additionto welding, gasflamesare a so often used for cutting, and are very useful
for heating and flame strai ghtening.

2.1 Equipment

A set of equipment (Figure 2.1) consists essentially of gas bottles, pressure regulators,
gas hoses, flashback arrestersand welding torches.
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Figure 2.1 A gasvel ding set.

Welding gases and their storage

Gas bottles for combustible gases must be stored outdoorsor in a well-ventilated area.
Special warning signs must be displayed on the outside of the storage area. Acetylene
and oxygen bottlesmust be kept well apart.
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Acetylene
Acetylene (C,H,) is the fuel gas for gas welding. It consists of 92.3% of carbon by
weight, and 7.7 % of hydrogen. Its combustion in oxygen producesa higher combustion
temperature than that of any other hydrocarbon gas. In addition, its flame is the most
concentrated in comparison with other gases.

Acetyleneignitesvery easily, and producesan explosive mixturein air over awide
rangeof concentrations(2.3-82 %). Check carefully that there are no leaks.

Acetyleneis chemically unstable under pressure, even without the presence of ar
and, under certain conditions, it can explosively decomposeto its constituents (carbon
and hydrogen). To enable the gas to be stored, the bottlesare filled with a porous mass,
saturated with acetone, which absorbs the gas when it is filled. The pressure in the
bottles is 2 MPa. However, explosive decomposition can occur in the pipes from the
bottle if the pressureexceeds 1.5 MPa.

TABLE 2.1 Important characteristics of fuel gases.

Gas Density, ke m3 Calorific value. Flame Compustion
MJ/Kkg temperature. °C velocity, m/s
Acetylene 1.07 48.2 3100 131
Propane 2.00 46.4 2825 37
Hydrogen 0.08 120 2525 8.9
Oxygen

Oxygenis stored as a compressed gas or liquid. In bottles, it isusualy stored at a pres-
sure of 20 MPa. Large usersusually receivethe gasin liquid form.

Make sure that al connectionsare clean and tight, in order to avoid leakage. Never
apply oil or greaseto connections.

Pressureregulators

The purpose of the pressure regulator is to reduce the high and variable pressurein the
bottle to a suitable working pressure. It keepsthe gas flow rate constant throughout the
life of the bottle charge, despiteany variationsin back pressurecaused by the heating of
the welding torch.

Gas hoses

Gas hoses are colour-coded: red for acetylene and bluefor oxygen. In addition, in order
to protect against mistakes, the acetylene connection has a left-hand thread, while the
oxygen connection has a right-hand thread.

Flashback arrester

A flashback meansthat the flame burns backwards into the torch with a popping sound.
It occurs if the combustion speed of the flame exceeds the speed at which the gas is
being supplied, so that the flame front moves backwards.

A flashback arrester fitted at the regulator prevents a flashback from going any
further back.

The reason for a flashback occurringis that a mixture of oxygen and acetylene has
occurred in the hoses, e.g. by oxygen having entered the acetylene hose and formed an
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explosive mixture. The flashback arrester prevents the flame from reaching the acet-
ylenebottle and triggering an explosivedecomposition.

Figure2.2 Gaswelding torch.

Welding torches

One can digtinguish between two types of welding torches: injector torches for low
pressureacetyleneand high pressuretorches.

In high pressure torches, the acetylene and oxygen flows are self-powered by the
pressurein their storage bottles, and mix in the mixing chamber section of thetorch.

In low-pressure torches, the oxygen flows into the torch through a centrd jet,
producing an injection effect that draws in acetylene from the surrounding peripheral
connection. From here, the gases continueto the mixing section prior to combustion.

Gas flames

The basic requirement for a good weld isthat the size and type of the flame should be
suited to the type of work.

The size of the flame dependson the size of the torch nozzleand on the pressure of
the gasesflowing throughit. This pressureshould be maintained within certain limits. If
it exceedsthe normal pressure, there will be a considerablejet effect and the flame will
become 'hard. Below the correct pressure, the jet effect will be reduced and the flame
will be 'soft'.

We distinguish between three different types of flames, depending on their chemical
effect on themelt pool: carburising, neutral, and oxidising.

C,H,+0,=2C0O +H,

Figure2.3 A normal weldingflame. Carbon monoxideand hydrogen are formedin the
innermostreaction zone. They produce a reducingzone (in the middle), with combustion
continuingin the outer zone with oxygen from the surroundingair.

Neutral flame
The norma flameisthat which is used mogt. It (Figure 2.3) is easily recognised by the
three clearly distinguished combustion zones. The innermost zone, the cone, isa mixing
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zone and glows white. Acetylene is burning here, to form carbon monoxide and
hydrogenwhich producea colourless tongue around the cone. Thissecond zoneischem-
icaly reducing, and so it reduces any metal oxides and keepsthe melt pool clean. The
outer, blue zone of the flame i s where carbon monoxideand hydrogen are burning with
oxygen from theair, forming thefinal combustion productsof carbon dioxide and water
vapour. It prevents oxygen in the air from coming into contact with the molten metal,
and so actsasashieding gas.

Figure 2.4 Carburisingjlame.

The carburising flame

If the proportionof acetylenein aneutral flameisincreased, thereis insufficient oxygen
to burn the surplus acetylene in the core zone. The acetylene therefore continuesto the
second zone, whereit appearsasa highly luminousye low-whiteflame. To someextent,
thelengthof second zoneindicatestheamount of excessacetylene.

Figure 2.5 Oxidising flame.

The oxidising flame

If the quantity of oxygen in the weakly reducing flame is further increased, the flame
changesto an oxidising flame. The corelengthisreduced, andtheflametakesonaviolet
tingewith low luminosity.

Forehand and backhand welding

Two different methodsof welding are used when gaswelding: forehand and backhand.
Theflame in forehand welding is directed away from the finished weld, while in back-
hand weldingit isdirected towardsit (Figure 2.6).

Thin sheet metal (lessthan 3mm) is normally carried out using forehand welding.
Thismethod isgenerally used for non-ferrous metals, although thicker materialscan also
be backhand welded.

Steel over 3 mm thick should be backhand welded, as the size of the melt pool isso
large, whenwelding thick materials, that the gasesand slag cannot escape from the pool
without assistance. Backhand welding isfaster than forehand welding, and so the work-
pieceis subjected to high temperaturefor a shorter time. Asa result, backhand welding
thick materials have a finer crystalline structure and retain their toughness better than
would have been the caseif they had been forehand welded.
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Figure 2.6 Forehand welding (feff) and backhand welding (right).

Flux is used when welding easily oxidised materials, where the welding flame itself
is insufficient to prevent oxides forming. This is likely to be the case when welding
stainlesssteel sand non-ferrous metals. Theflux is brushed onto the joint surfaces before
welding, and must be thoroughly removed after welding in order to prevent corrosion.

The benefits of gas welding

Gas weding is very suitable for welding pipes and tubes, it is both effective and
economic for applications such asHVAC systems, for the following reasons:

The ability to even out the temperaturein the weld at low temperatures. Slow heating
and cooling can avoid therisk of hardening.

» Meta thicknesses up to about 6 mm can be welded with an I-joint.

+  Speed, as only one pass is needed. Filler wires can be changed without having to
pausefor grinding.

+ Good control of melting, as the welder can see at all timesthat he has the desired
pear-shaped opening in the bottom of the melt pooal.

+ Root defectsare avoided by taking care to ensure good burn-through.

+ Pipesand tubesoften have to be welded in very confined spaces. In such cases, gas
welding is often preferable, bearing in mind the less bulky protective equipment
required (goggles, as against a norma arc welding helmet or visor, and compact
torch) to performthe work.

«  Theequipment iseasy to transport and requiresno electricity supply.

+ Itispossibleto usethelight from the flameto locate the joint before welding starts.

+ Thesize of the HAZ can be reduced by surrounding the weld areawith damp (fire-
proof!) material.

Other applications for gas welding include welding of hot water pipes, gas bottles,
nuclear heat exchangersand boilers.

Warning: Notethe risk of fire when carrying out temporary welding or cutting
work in the vicinity of flammable materials or parts of buildings.
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3 TIG welding

3.1 A description of the method

TIG welding (also called Gas Tungsten Arc Welding, GTAW) involves striking an arc
between a non-consumable tungsten el ectrodeand the workpiece. Theweld pool and the
electrode are protected by an inert gas, usually argon, supplied through a gas cup at the
end of the welding gun, in which the electrodeis centrally positioned.

Tungsten
electrode Argon

Fillerrod

AC or
DC

Figure3.1 Schematic diagrum of TIG welding eguipment.

TIG welding can also be used for welding with filler material, which isapplied in rod
form by hand similar to gas welding. Tools for mechanised TIG welding are used for
applications such as joining pipes and welding tubes into the end plates of heat
exchangers. Such automatic welding tools can incorporate many advanced features,
including mechanised supply of filler wire.

Characteristicsof the method include:

+ thestablearc
« excellent control of thewelding result.

The main applicationfor TIG welding is welding of stainlesssteel, welding of light
metals, such as aluminium and magnesium alloys, and the welding of copper. It isaso
suitablefor welding all weldable materias, apart from lead and zinc, with al types of
jointsandin all welding positions. However, TIG welding isbest suited to thin materials,

from about 0.5 mm up to about 3 mm thick. In terms of productivity, TIG welding
cannot compete with methodssuch as short arc welding.

3.2 Equipment
Thefollowing equipment isrequired for TIG welding:

- weding gun

+ HF (= high-frequency)generator for ignitionof thearc
a power source

+ shielding gas

control equipment
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The welding gun

The basic requirement applicableto thewelding gun isthat it must beeasy to handleand
well insulated. These requirementsapply for manual welding, but arelessimportant for
mechanical welding. There are two main types of welding guns. water-cooled and air-
cooled. Present-day welding gunsof these two types can carry welding currentsof:

water-cooled: maximum about 400 A
o ar-cooled: maximum about 200 A.

' \
Figure3.2 Examplesof TIG welding guns.

Striking the arc

A TIG welding arc is generally ignited with the hel p of a high-frequency generator, the
purpose of which, isto producea spark which providesthe necessary initial conducting
path through the air for the low-voltage welding current. The frequency of thisinitia
ignition pulse can be up to several MHz, in combination with a voltage of several kV.
However, this producesstrong electrical interference, which isthe main disadvantage of
the method.

It is not good practice to strike the arc by scraping the electrode on the workpiece:
thisnot only presentsrisk of tungsteninclusionsin theweld, but also damagesthe elec-
trode by contaminatingit with the workpiecematerial.

Another method of striking thearcisthe'lift-arc’ method, which requiresthe useof a
controllable power source. Thearc isstruck by touching the el ectrode against the work-
piece, but in thiscasethe special power source controlsthe current to a sufficiently low
level to prevent any adverse effects. Lifting the eectrode away from the workpiece
strikesthearc and raisesthe current to the pre-set level.

The power source

TIG weldingisnormaly carried out using DC, with the negative connected to the elec-
trode, which meansthat most of the heat is evolved in the workpiece. However, when
welding aluminium, the oxide layer is broken down only if the electrodeis connected to
the positive pole, this then results in excessive temperature of the eectrode. As a
compromise, aluminiumand magnesiumaretherefore generally welded with AC.

TIG power sources are generaly eectronicaly controlled, e.g. in the form of an
inverter or a thyristor-controlled rectifier. The open-circuit voltage should be about
80V, witha constant-currentcharacteristic.
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When welding with AC (a sine wave), the HF generator is engaged dl thetime: if
not, the arc would extinguish on the zero crossings.

Squarewave AC

A number of new designs of power sources appeared during the 1970s, based on new
technology involving a square waveform. This means that the zero crossings are very
fast, which hasthe effect of:

- generdly not needing a continuousHF ignitionvoltagefor AC TIG welding

- making it possible to vary the proportions of the positive and negative polarity
currents, which means that it is possible to control the penetration and oxide break-
down, for example, when welding al uminium.

pd:]:ﬂlﬁﬁxﬁr'ﬁﬁn
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Balanced square wave Increased penetration Increased oxide cleaning
70% electrode negative 45% electrode negative

Figure 3.3 Use of a squarewave and balance control in TIG welding.

Figure 3.3 showsthe current waveform of a square wave supply. The balanced curve
(Ieft) has a very fast zero crossing, as opposed to that of a conventional sinusoidal
waveform. The ability to shift the balance point of the two polarities means that, in
certain cases, the welding speed can be increased by 50-75 %. The normal setting of the
balanced waveform has 50 % negative polarity on the electrode. The two curvesto the
right show 70 % negativel30% positive polarity (for greater penetration or speed) and
45 9% negativel55 % positive (for improved oxide breakdown).

OO0 | [\PRRRBAAAS

Figure 3.4 The principlefor pulsed TIG requiresthe weld pool to partly solidify
between the pulses.

Thermal pulsing

Thisisused to provide better control of the melt pool and the solidificationprocess. The
pulsefrequency isset sufficiently low to allow the melt pool to partially solidify between
each pulse. Supplyingthe heat in pulses has several benefits:

Lesssensitivity to gap width variations
- Better control of theweld pool in positional welding
 Better control of penetrationand the penetration profile
Reduced sensitivity to uneven heat conductionand removal.
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Control equipment

The necessary control equipment depends on to what extent the welding process is
mechanised. However, it isusual for the pre-flow and post-flow of the shielding gas, and
the HF generator, to be automaticaly controlled. Crater filling by slope-down of the
current, and the ability to pulse the current, are also often employed. Gas pre-flow and

post-flow protect the electrodeand the weld pool against oxidation.

Current [A]

Gas Slope up

Welding current

!
{
t
i

Slope down

{
{
|
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|
|
1
1
|
|
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I
i
1
1
{
|
{
i

post flow

Figure3.5 Example of awelding sequence.

The electrode

The electrodemateria should provide a combinationof the following characteristics:

+ Low €electrical resistance

+ High melting point

» Good emissionof electrons
+ Good thermal conductivity.

The material that best meets these requirementsis tungsten.

TABLE 3.1 Examples of 7SO 6848 TIG welding electrodes.

Time [s}]

Additive Proportion, % Colour coding Type Current
0 green WP AC
thorium 2 red WT20 DC
zirconium 0.8 brown wz8 AC
lanthanum 1 black WL10 AC,DC
cerium 2 grey WC20 AC,DC

Pure tungsten electrodes are used when welding light metals with AC: for other
welding applications, the electrodes often incorporate an admixture of 2 % thorium
oxide, which improvesthe stahility of the arc and makesit easier to strike. Thorium is
radioactive, but is not so dangerous that special precautions are required, apart from
taking care when grinding to avoid inhding the grinding dust. Alternative non-radio-
active oxide additivesthat can be used are those of zirconium, cerium or lanthanum, as

shownin Table3.1.

© 2003, Woodhead Publishing Ltd
34




TIG WELDING

The electrode diameter is an important variable. The best arc stability is obtained
with a high current load, which means that the diameter should be chosen so that the
electrodetip is neither too hot nor too cold: see Figure 3.6.

Current T'un stgn Current
type electrode Too low Right Too high

— o | 7 |
VIVIG
L

i

Pure
N~ | tungsten

Figure 3.6 TIG electrode tips, showingthe effects of too high or too Jlow welding current
in relation to the electrode diameter.

For DC welding, thetip of the electrode isground to an approximate 45° angle. The
use of a special eectrode grinding machine guaranteesthis angleis alwaysthe same, as
this would otherwiseaffect the arc and its penetration into the workpiece material. Elec-
trodesintended for use with AC welding are not ground: instead, the current isincreased
until it meltsthetip of the electrode into asoft, rounded shape.

Figure 3.7 Normally the tip of the electrode is ground to a length L = 1.5-2timesthe
diameter (D).

If the electrode hastoo long astickout, i.e. if the distance betweenthe gas cup and the
tip of the electrode is too grest, the protection provided by the shielding gas will beless
effective. A 'gas lens is awire mesh insidethe gas cup which reduces eddiesin the gas
flow, thus extending the length of the laminar flow of the gaswithout mixingit with air.

Figure 3.8 Exampleson gas lenses.

3.3 Consumables

Fillersfor TIG welding are used in the form of awire, which isfed into the joint either
by hand or mechanically. Welding performance can be improved by using the hot wire
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system, to feed the wire at an elevated temperature. Thin materials(up to 3-4 mm) can
be butt-welded from one side, with the weld meta consisting entirely of molten work-
piece material. Higher workpiece thicknesses require some form of joint preparation,
with a filler being added in order to fill the joint. The use of fillersis aways recom-
mended when welding mild steel in order to reduce the risk of pores.

Shielding gases for different workpiece materials

Steel

Argon is generaly used for TIG welding of unaloyed steels, low-aloyed steels and
stainless steels. For mechanical welding of al these metals, the shielding gas may be
argon, with an admixtureof hydrogenor helium.

A smdll addition of nitrogen may be used when welding duplex stainless steelsin
order to ensure the correct ferritic/austenitic balance.

When making quality welds with TIG, it is aso very common to use arooct gasin
order to protect the root side of the weld against oxidation. Thisis particularly important
in the case of stainlesssteelsor when welding easily-oxidisedmaterials. The root gasis
oftenamixtureof nitrogen/hydrogen, or pure argon.

Aluminium and its alloys

The shielding gas for auminium and aluminium alloys is usualy argon, possibly with
the addition of helium. Helium improvesthe heat transfer, and is used when welding
thicker sections. Thewelding currentis normally AC or, at low current levels, it may be
DC with the electrode connected to the positive.

Under certain conditions, horizontal and horizontal-vertical welds can be welded
with DC if pure heliumis used as the shielding gas and the electrodeis connected to the
negative. The higher arc voltage that resultsfrom the use of helium suppliesmore heat to
the base materid and thus increases the rate of welding. This higher heat input also
means that butt joints can be made in thicker sections. The open-circuit voltage of the
power source should be sufficiently high to prevent the arc from being extinguishedasa
result of the higher voltagedrop in pure helium.

The use of argon as the shielding gas improves oxide breakdown performance, arc
stability and weld quality.

Copper and its alloys
Argon is suitable for welding copper in al positions, and gives excellent results when
welding metd thicknessesup to about 6 mm. The high therma conductivity of the meta
generally requirespreheating.

The best shielding gas for use when welding workpieces more than 6 mm thick is
helium, or helium containing 35 % argon.

Titanium

Successful titanium welding requiresan extremely high purity of shielding gas, not less
than 99.99%. In addition, extra shielding gas is generally required. Either helium or
argon can be used, athough argon is generally preferred for metal thicknesses up to
about 3 mm due to its higher density and good shielding performance. The use of pure
helium is recommended when welding thick sections, due to the resulting higher heat
content of the arc.

© 2003, Woodhead Publishing Ltd



4 Plasma welding

4.1 A description of the method

Electrode

—l [ -

DC power HF-ignition

Plasma gas
~ source

—_ 1. »>
+

[—8<— Cooling water

—3

Shielding gas

Gas nozzle
Plasma nozzle

Resistance %

1‘- Workpiece l

Arc (plasma jet)

Figure4.1 Schematic diagram of plasma welding. Resistor R limitsthe current in the
pilot arc which can be ignited also when the torch is apart from the workpiece.

The plasmawel ding method employsan inner plasmagas and outer shielding gas, as
shownin Figure4.1. The plasmagasflowsaround a retracted centred electrode, whichis
usually made of tungsten. The shielding gasflowsthrough the outer jet, serving the same
purposeasin TIG welding.

A plasmaarc is considerably straighter and more concentrated than, for example, a
TIG arc, which means that the method is less sensitiveto arc length variations. see
Figure4.2.

TIG Plasma

Figure4.2 The plasmaarc isnot as conical asthe TIG arc, which meansthat it is much
less sengitive to arc length variations.

The plasma welding process can accept variations of 2-3 mm in the arc length
without significantly atering the heat input to the workpiece. Thisthisis approximately
ten timesbetter than the corresponding valuefor TIG welding. However, becausethearc
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is narrower, more accuratetransversecontrol isimportant, which meansthat the method
isnormally used in mechanised welding.
Characteristicfeaturesof the method include:

the concentrated stablearc

high welding speed
insignificant deformationof the workpiece
 reliablearcignition.

With the exception of magnesium, the method is suitablefor welding the same mate-
rials asthose that can be welded by T1G welding. Automated welding of stainless steel
pipesisamajor applicationarea.

Classification of plasma welding methods
Therearethreedifferent classesof plasmawelding, dependingon the current range:

+  Microplasma (0.1-15 A). The concentrated arc enablesit to remain stabledown to a
current of about 0.1 A, which meansthat the process can be used for welding metal
thicknessesdown to about 0.1 mm. Thismakesthe processattractiveto, for example,
the space industry.

Medium plasma welding (15-100 A). In this range, the method competes more
directly with TIG welding. It is suitable for manua or mechanised welding and is
used in applicationssuch as the automotiveindustry for welding thin sheet materias
without introducing distortion or unacceptable welded joints, as are produced by
MIG welding, or for the welding of pipesin breweriesor dairies.

Keyhole plasma welding (>100 A). Thethird type of plasmawelding isreferred to as
keyhole plasma welding, taking its name from the 'keyhol€' that is produced when
the joint edgesin a butt weld are melted as the plasmajet cutsthrough them. Asthe
jet is moved forward, the molten metd is pressed backwards, filling up the joint
behind the jet.

Keyhole

Figure4.3 Keyholewelding.

The main benefits of plasma welding are to be found in the fact that the keyhole
welding method can be used for butt weldsfrom about 3 mm up to 7-8 mm. The keyhole
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provides a guarantee of full penetration; by comparisonthe TIG method is only suitable
for butt welds up to about 3-4mm thick. Jointswith thicker materials haveto be prepared
withaV or U joint and then filled with filler material.

Keyholewelding is not suitablefor thinner materials below 3 mm: in these circum-
stances, the process becomes much more like TIG welding. Reducing the plasma gas
flow to alow level can make the plasmatorch work in the same way as a conventional
TIG torch, which can be useful when making tack welds or cladding welds. The main
advantage over conventional TIG weldingis primarily the excellent arc stability.

There are two types of working systems employed: with transferred and non-trans-
ferred arcs, asshownin Figure 4.4.

Electrode

Plasma nozzle

Transferred Non-transferred
Figure4.4 Transferredand non-transferred plasmawelding arcs.

4.2 Equipment

The following equipment is required for plasmawelding:

Welding torch
The same basic requirements apply here asfor TIG welding. Plasmawel ding torchesare
generaly water-cooled.

Power source
Plasmawelding employs DC, with a drooping characteristic, as for TIG welding. Open
circuit voltageshould be at least 80 V.

HF generator

In principle, the purpose of the HF generator is the sasme asin TIG welding. However,
when used in plasmawelding, the HF generator does not normally strike the main arc:
instead, it strikes a pilot arc as a non-transferred arc, with the current flowing between
the electrode and the inner gasnozzle. The pilot arc, in other words, can be maintainedin
air: asthetorch approachesthe workpiece, the main arc strikesand the pilot arc is extin-
guished.

Control equipment

The necessary control equipment depends on to what extent the welding process is
mechanised. However, it is usual for the pre-flow and post-flow of the shielding gas, the
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HF generator and the pilot arc, to be automatically controlled. There is often automatic
control to ensurethat the arc isstruck in pure argon, after which the gas supply changes
over to the particular gasthat is being used.

4.3 Gases for plasma welding

Normally, the same gasis used for both the plasmaand the shielding gas. This avoids
variationsin the plasma jet, which would otherwise be the case if two different gasesor
gas mixtureswere being used.

An argonhydrogen mixture is generally used as the plasma and shielding gas.
However, hydrogen cannot be used as a constituent when welding mild steel or reactive
metal ssuch as zirconium or titanium.

Mixtures of argon/helium/nitrogen are used when welding duplex stainlessstedls, as
these contain nitrogen in their alloying. Pure helium is not suitable, as the resulting high
heat lossesin the plasmagas will substantially reduce the life of the plasmatorch.

Argon/helium mixturesresult in a higher energy in the plasmajet at constant current.
However, the mixture must contain at least 50 % helium if any significant differenceis
to be noted. On the other hand, mixtures containing more than 75 % helium have the
same characteristics as pure helium. Pure argon, or argon/helium mixtures, are well
suited to the welding of mild steel and reactive metal s (titanium, aluminium, zirconium
etc.), for which hydrogenor nitrogen cannot be used.

4.4 The advantages of the plasma method

Plasmawelding has the following advantages, rel ative to those of other methods:

Reliable penetrationwith the keyhole method.

Very high speed: often 400 % higher than that of conventional TIG welding.
Butt welds possible in thick materials(8 mm) without the use of fillers.
Fusion welding possibleeven in very thin materials(0.03 mm).

Low weld convexity and root bead. Thisis particularly beneficial when welding
structuresthat will be subjectedto fatigueloading, in addition to reducing the work
required in other weldswherethe weld convexity and root bead would otherwise
have to be ground away. Plasmawelding of 5 mm austenitic stainlessstedl produces
aweld convexity of about 0.3 mm and aroot bead of about 0.2 mm. Increasingthe
steel thicknessto 8 mm resultsin correspondingrespectivethicknessesof 0.7 mm
and 0.6 mm.

Low heet-affected zone and littledistortion.

High arc stability at low arc currents.

Littlesensitivity to arc length variationsas a result of the concentratedarc.
Assessment of the weld quaity possible while welding isin progress.

10. High metallurgical quality in comparisonwith that of conventiona TIG welded
materials.

11. Flexibility,dueto the ability to perform keyhole welding and melt-in weldsusing the
same equi pment.
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5 MIG/MAG welding

Until the 1970s. manual metal arc was the most dominant method of welding. Today
MIG/MAG is the obvious|eading contender in most industrial countries. Gas metal arc
welding (GMAW) can also be referred to as MIG (metal inert gas) if the shieldinggasis
inert asfor exampleargon or MAG (metal activegas) if the gashasa content of an active
gassuch as CO,.

5.1 Equipment

Figure5.1 The principle of MIG/MAG welding.

Figure 5.1 shows the principleof MIG/MAG welding. Thearc (1) is struck between the
workpiece and ametal wire electrode(2) that is continually fed forward into thearc. The
wireissupplied onared (3), and isfed to the welding gun by thedriverollers(4), which
push the wire through a flexible conduit (5) in the hose package (6) to the gun (7). Elec-
trical energy for the arc is passed to the electrode through the contact tube (9) in the
welding gun. This contact tube is normally connected to the positive pole of the power
source, and the workpiece to the negative pole. Striking the arc completesthe circuit.
The gas nozzle (11) that surroundsthe contact tube (9) supplies shielding gas (10) for
protectionof the arc and theweld poal (12).
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Figure 5.2 Equipment for MIG/MAG welding (ESAB).

Wire feed unit

The wirered is placed on a brake hub with adjustable friction. The intentionis to stop
rotation when the feeding has stopped in order to keep the wire in place.

The electrode is passed to the drive rolls, which then push the wire through the hose
package. Even in normal useit is common for the frictionto vary, e.g. when the curva-
ture of the hose is changed or when particlesor dirt fill up the wire conduit. The wire
speed must not vary too much, otherwisethis could result in unwanted variationsin the
welding data. Superior control of the wire feed speed can be achieved if the motor is
equipped with a pul se-generator and feed back system.

Outlet
nozzle

=
© O 40 ]—“

S @ fﬁ

Jle

iveroll .
Driverolls 'Euro"-connection

N ‘L @ r } ] for hose package

T
T

Figure 5.3 Heavy duty 4 drive roll assembly.

The drive rolls have a trace that fits to the wire. Therefore it may be necessary to
change the rolls when the wire is changed. The number of driven rolls influence the
feeding forcethat can be achieved.
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Figure5.4 Driverollswith different typesof tracesare used. For soft electrode material
as aluminium, U-type traces are recommended

Welding gun and feeding properties

The welding gun with hose package, see Figure 5.5, is an essential part of the welding
equipment. It bringsthe shielding gas, electrodeand welding current to thearc. It is diffi-
cult to designa robust welding gun for thistough environment but at the sametime make
it small and light enough to be acceptablefor working in narrow spaces.

Figure 55 Welding gun with hose package. /. Contact tube. 2. Shielding gas nozzle.
3. Trigger switch. 4. Hose package. 5. Electrode. 6. Flexible conduit. 7. Shielding gas
hose. 8. Power cable.

Experience showsthat careful maintenance is necessary to avoid disturbancesthat could
occur from constant hot and heavy operation.

« At higher welding data the heat from the arc increases. It is important to choose the
proper size of gun to avoid temperatureoverload.

+ Keepthegun free from spatter. Spatter will catch easier to a hot surface.
» Useawater-cooledgun when necessary.

» Choose a proper wire extension. Too short distance will increase the risk for burn-
back of thearc. That will alsoincreasethe heat take up fromthe arc.

» Carefully choose the clearance between wire and the diameter of conduit. Small
clearance increasesthe risk for stoppage and too big will giveirregular feeding.

»  When feeding problemsoccur, the reason could be that metal particlesfrom the wire
have increased the friction in the conduit. Just to stretch the pressure between the
feeder rolls is not always the best action. To avoid future problems it is recom-
mended to blow it clean now and then.

For the most critical usage, such as extra long hose package or the use of soft
aluminium wires, a push-pull wirefeeder isrecommended, see Figure 5.6.
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Figure5.6 The c]l‘grﬁerence between apush andpush-pull wire feed system. In apush or
pull wire system friction isbuilt up and increased inevery curve of the conduit. Thisis
avoided by the use of a push-pull system.

Power source
DC power sources, with relatively straight characteristics, are used for MIG/MAG
welding. See also the section about power sources. page 13.

Controlled by a stepping switch. Tap-changer rectifier units have been traditionally
used, and are the most common type.

Thyristor-controlled rectifier units are larger and somewhat more advanced: the
most advanced types are inverter power sources.

Inverter power sources have the most advanced design. In additionto their generally
good characteristics and control facilities, inverters are often used for welding
aluminium and stainlesssteel, which benefit from the use of pulsed MIG welding.

Cooling units

Water-cooled welding torches are often used in the higher current range (300-500A).
Cooling water is circulated from a cooling unit, which may be separate or be incorpo-
rated in the power source. The water cools the copper conductor in the hose and cable
bundle, the gas nozzle and the contact tip. Cooling units normally include a water
container, a pump and a fan-cooled radiator.

5.2 Setting of welding parameters

The MIG/MAG welding processis dependent on a number of welding parameters:
» Electrode diameter

+ Voltage
Wirefeed speed and current
»  Welding speed

+ Inductance
» Electrode stick-out
Choiceof shielding gasand gasflow rate
+ Torchand joint position
Most of these parametersmust be matched to each other for optimum welding perform-

ance. The working point must be within the working range or tolerance box for the
particular welding situation.
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Electrode diameter

The size of electrode is chosen according to welding current, but in opposition to
covered el ectrodeseach electrodehasa large and overlappingrangeof current. Asarule,
the materid transfer is smother with a thinner electrode. When welding with soft
aluminiumwire, the risk of feeding problem can be reduced with a thicker electrode.

Voltage

Increased voltage increases the arc length and gives a wider weld bead. Undercut is a
sign of too high avoaltage. If short arc welding is used a higher voltage reducesthe short
circuit frequency, which will givelarger drops and more spatter.

Too low voltage, on the other hand, will increasethe risk for stubbing and bad start
performance.

On thin plates short arc welding gives the possibility of high welding speed without
burn through. Normally the voltage here is adjusted to a low setting but only where the
short circuit frequency is still high and the arc stability good.

Wire feed speed and current

Current is set indirectly by the wire feed speed and diameter. Current isthe main param-
eter for welding and hasto be chosen to plate thicknessand welding speed with respect
totheweld quality.

Welding speed

Welding speed has also a considerableeffect on shape and penetration of the weld, see
Figure 7.6 on page 74.

Inductance

It isoften possible to adjust the inductance of the power sourceto fit thewire sizeand to
give the right welding properties. The most sensitiveis short arc welding. A low value
givesadistinct and concentrated arc but the spatter will increase. A higher valuegivesa
softer behaviour, a somewhat wider bead and a softer sound. Too high inductancegives
bad stability with atendency for stubbing.

Electrode extension

Easiest to measure is the contact tip distance from the joint surface, (see Figure 5.7). A
ruleof thumb saysthat a normal distanceis 10-15 x diameter of the electrode. Too small
stick-out increasesthe risk of burn-back, where the arc will weld the electrode together
with the contact tip. Too long a distanceto the workpiece will increasethe risk for stub-
bing, especialy at the start.

The contact tip-to-work distanceal so has an influenceon the current and penetration
profile. If the electrodeextensionis increased the current and heat input decreaseswhile
the amount of deposited metal remains. This reducesthe penetration, and if it was unin-
tentional arisk for lack of fusion appears. A good ruleisthereforeto keep the wire stick-
out constant during the welding operation.
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Figure5.7 Definitionsof contact tip-to-work distance (1) and electrode extension (2).

Choice of shielding gas

Mixtures of argon with 5-20 % carbon dioxide (CO,) are most popular for the welding
of mild and low alloyed steels. For spray and pulsed arc welding, alow content of CO,
can be an advantage. Pure CO, is an alternative for short arc welding that gives good
penetration and safety against lack of fusion but increasesthe amount of spatter.

For stainless steelsargon isal so used but with only small additions of CO, or oxygen
(0y).

For welding of aluminium, copper and copper alloys normally pure argon or argon
helium mixtures are used. Helium increases the heat input, which will compensate for
thelarge heat conduction in thick walled aluminium or copper.

Gas flow rate

The gas flow must be adapted to the arc. At low current it can be enough with 10 litres
per minute while at higher welding data up to 20 litres may be required. Welding in
aluminium needs more gasthan steel does.

Backhand Vertical Forehand

I (0
/

5

Figure5.8 Effect of electrode position and welding technique.
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Torch and joint position

Anglesof thetorch relativeto the joint are also an important welding parameter. If it's
directed away from the finished part of the weld (forehand technique), it will make the
penetration profile more shallow and the width of the seam wider, see Figure 5.8. Onthe
other hand, if it's directed towards the finished part of the weld (backhand technique),
the penetration will be deeper and the seam width narrower.

The angle of the torch in the section across the welding direction has a direct
influence on therisk for lack of fusion. See Figure 5.9.

Wrong

Right .

> l1-2mm

Figure 5.9 Gun angle andposition acrossthe welding direction at filler welding. The
electrodeison such thickplates often positioned 1-2 mm offset on the base plate. That
will compensatefor the higher heat dissipationinthe base plate and givesa symmetrical
penetrationprofile.

If the plate to be welded is not totally horizontal but has an inclined joint, it will
affect the weld contour and penetration profile. By welding downhill, the weld rein-
forcement can be lower and the welding speed will usualy increase. At the same time,
the penetration islower and weld bead wider. Thisis beneficia for welding sheet metal.
Uphill welding causesthe weld pool to flow back and form a high and narrow weld.

To reduce the risk of lack of fusion it is essential to prevent the melted meta from
flowing too much before the arc. This can be the case when welding with high heat
input, alarge pool and welding with too much forehand or in downhill position.

Contact tip-to-work distance, (see Figure 5.7), should be kept constant when
welding.

5.3 Consumables

MIG/MAG welding is used for mild steel, low alloyed and stainlesssteel, for aluminium,
copper and copper aloys, and nickel and nickel alloysetc. Plate thicknessesdown to 0.7
mm can be welded. There is no technical limitation upward, but therisk for cold laps at
low heat input or oversized pool will increase. The filler materid has often a chemical
compositionthat issimilar to that of the base material.

Filler wires

The electrodes for MIG/MAG welding are available in the 0.6-24 mm range for use
with many different types of materials. Wires are normally supplied on reels and wound
to ensurethat the wire does not snag when being withdrawn. Important factorsarethat it
must be clean with a smooth finishto feed easily and free from metal flaws. Best feeding
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performance have wires coated with a thin layer of copper. One important conditionis
that the copper is well fixed to the wire, if not, it will clog up the wire conduit and
prevent smooth feeding of the wire.

To get the most effective performancefromthe arc, it isessential that the current will
be transferred to the electrode close to the opening of the contact tip. To improve the
contact force and to definethe contact point the electrodei s somewhat curved, i.e. it has
aradius of 400-1200 mm, see Figure 5.10. The helix size should not exceed 25 mm, if
problemswith arc wandering are to be avoided.

Figure5.70 Checking cast diameter (7) and helix size (2).

The electrode is normaly delivered on 10-15 kg coils (steel) but for large
consumption a container of about 200 kg can be ordered.

Solid or cored wires?

One can distinguish between solid wires and cored wires. The latter type consists of a
metdlic outer sheath, filled with flux or metal powder, asshown in Figure5.11. Theflux
cored wirescan have either arutile or basic filling. They can also be self-shieldedfor use
without shielding gas.

The cost per unit of cored wire is considerably higher than that of solid wires, but
they are in some respects superior to solid wire. Cored wires are mainly used for
somewhat thicker plates. High deposition rate and good side wall penetration charac-
terise cored wire. Basic flux cored wires have similar performance to that of basic
manual stick electrodesgiving atough and crack resistant weld metal.

Figure5.11 Cross section of solid and cored wire.

Welding technology

The gtability of a DC arc with a consumableelectrode(i.e. afiller wire) dependslargely
on how the molten metd is transferred in the arc. One can distinguish essentially
between two different types of arcs, depending on the materia transport: the spray arc
and the short arc (short-circuitingarc).

© 2003, Woodhead Publishing Ltd
48



MIG/MAG WELDING

Voltage

% Apray/ 77

Globular | __——"
Short circuiting

>
Current

Figure 5.12 Arctypesfor different current and voltage conditions.

Spray arc welding
Spray arcsare characterised by the transfer of molten material in theform of many small
droplets, the diameter of which is less than that of the filler wire. As there are no short
circuits, thearc is stable and spatter-free. A prerequisitefor successful spray arc welding
is that the values of current and voltage should be over certain limits. This, in turn,
means that more heat is supplied to the workpiece than with short arc welding, and so
only materials of 5mm thick or more are suitable for spray arc welding. The high heat
input means that the weld pool is aso large, so welding hasto be performed in the hori-
zontal position. It should be noted that a pure spray arc cannot be obtained when using
CO, asthe shielding gas: the shielding gas must be pure argon or (preferably) with a
small proportion of CO, (not more than 25 %) or O,. Spray arc welding is particularly
suitablefor MIG welding of aluminium and stainlesssteel, for whichthe shielding gasis
mainly argon.

With athinfiller wire, it is possibleto perform successful spray arc welding at lower
currentsthan with athicker filler wire.

The arc voltage should be set at such a vaue that it is just sufficiently high to
maintain a short-circuit-free arc. The filler wire is normally connected to the positive

pole.

Short arc welding

The heat input from short arc welding is low, which makes the process suitable for
welding in thinner materials. The drops from the electrode dip into the weld pool. The
arcisthereforeperiodically replaced by ashort-circuiting bridge of molten metal.

This can be repeated up to 200 times per second. If the short-circuit current is too
high, it has a considerable effect on the pinch-off forces, causing weld spatter. Some
means of limiting the short-circuit current must therefore be provided in the power unit,
e.g. through the use of an inductor coil.

It is not easy, with short-arc welding, to achieve a completely stable arc. The best
way to judge if the welding is going well is by the noise of the arc. The objectiveisto
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achieve a consistent, high short-circuiting frequency, resulting in small droplets being
transferred to the workpi eceand spatter dropletsbeing so fine that they do not adhereto
the workpiece. Good wel ding characteristicsin the power source are necessary, dthough
wire feed speed, current transfer in the contact tip and the welder's skills are dso
important.

a b C

Figure5.13 Droplet short-circuiting with a low inductance in the power unit. a) Arc
period. b) Drop transfer. ¢) Low inductance setting gives high short circuit current and
spatter is developed when the short circuit breaks..

Ignition of the arc can also be sensitive, and therefore it isimportant that al parts of
the equipment should be in good condition in order to avoid irritating chattering when
strikingthe arc.

Globular transfer

At currentslower than needed for spray transfer and with voltage above pure short arc
welding there is a mixed region characterised with droplets larger than the electrode
diameter and often with an irregular shape. The molten drop grows until it detaches by
short-circuitingor by gravity. The globular transfer mode is most often avoided.

Pulsed MIG welding

Pulsed arc welding is used mainly for welding aluminium and stainlesssteel, althoughit
can also be used for welding ordinary carbon stedl. The method of controlling the
transfer of the droplets by current pulses (30-300 Hz) from the power source makesit
possible to extend the spray arc range down to low welding data. The processprovidesa
stable and spatter-freearc as a welcome aternativeto short arc welding.

The pulses serve two purposes. supplying heat to melt the filler wire, and aso to
pinch off just one molten droplet for each pulse. This meansthat, asthe wire feed speed
increases, the pulsefrequency must also increase. Thiswill result in keepingthe droplet
volume constant at al times. A low background current contains the arc between the
pulses. Although the current amplitudein each pulse is high, the average current — and
thusthe heat input to the joint — can be kept low.

Pulses from the power source pinch off the drops from the electrode at the same
speed as the electrode is fed. Therefore it is possible to avoid short circuits and spatter
generation. Whilst short arc welding is normally the most suitable method for thin sheet
carbon steels, pulsed arc is often the best choice for stainless steels or auminium.
Modem electronic inverter power sources are able to calculate the pulse shape needed
for the actual choice of electrode size, materia and shielding gas and the pulse
frequency needed to keep the arc length constant.
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The stable and controlleddrop transfer with pulsed arc allowsthe use of anincreased
electrode diameter. Thisis utilised in auminium welding wherethe electrode is difficult
to feed because of its softness.

Current
A

Pulse current

Background current

1
¥

Pulse time Background time
Figure 5.14 Naming of the pulse parameters.
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Advantages
» Theprocessisfully controlled and spatter-free.

» The ability to extend spray arc welding down to lower welding data is particularly
suitable when welding materials such as stainless steel or aluminium. It becomes
possible to weld thin materials, or to perform positiona welding, with better results
than would be obtained with short arc welding.

» Pulsed arc welding is sometimes used within the normal spray arc range in order to
provide better penetrationinto the material.

+ Stableweding performancecan aso be achieved with a somewhat thicker filler wire.
Thisis useful when welding duminium, asit is difficult to feed thin filler wiresdue
to their softness.

« Recent work indicatesthat the efficient droplet pinch-off reduces overheating of the
droplets, resulting in lessfume production.

Disadvantages

« Production speed is generaly lower than with short arc welding. The greater heat
input, relative to that of short arc welding, reduces the maximum usable wire feed
speed.

Pulsed arc welding restrictsthe choice of shielding gases. Aswith spray arc welding,
the CO, concentration of an argon/CO, mixture must not be too high: the usual 80/
20 % gas mixture, as used for short arc welding, represents the limiting value.

Pulsed welding restrictsthe choice of shielding gases. Asfor spray arc welding, the
CO, concentration in an Ar/CO, mixture must not be too high. Common 80/20 mixed

gas, as used for short arc welding, representsalimit value.
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Cored wire welding

The use of flux cored arc welding (FCAW) appeared as early as the 1920s, although at
that time it wasonly in connection with the application of wear-resistant cladding. It was
easy to produce high-alloy filler materials by mixing the aloying constituentsin powder
form inside a cored unalloyed steel electrode.

There are today two main typesof cored wires:
«  Wiresthat requirethe use of shielding gas, usualy CO, or Ar/CO, mixture.

+  Wiresthat do not require additional shielding gas, known as self-shielded flux cored
wires.

Equipment

Essentially the same equipment is used for cored wire welding with shielding gas asfor
ordinary MIG/MAG welding. However, the welding torch, the wire feed unit and the
power source al need to be more powerful due to the higher current density and the
thicker wire. Weldingis usudly carried out using DC, with the filler wire connected to
the positive pole. The power source characteristic is generally dightly drooping, which
givesasdf-regulating arc.

When carrying out cored wire welding without a shielding gas (self-shielding), the
same power source and wire feed unit are usually used as would be used for welding
with shielding gas. However, the welding torch can be smpler, asthere is no need for a
gas supply.

Fume is a problem when welding with high current, not least when using self-
shielded fl ux cored wires. One solutionto this problemisto use awelding torch with an
integral extraction connection.

Structure and characteristics of cored wires
A cored filler wire consists of an outer tube of unalloyed stedl, filled with powder. The
composition of this powder differsfor different types of wires. The proportion of filler
powder can also vary, depending on differencesin the wall thickness.

We distinguish between metal-cored arc welding (MCAW) and flux-cored arc
welding (FCAW) wires.

Figure5.15 A section through different typesof cored filler wires.

The function of the powder fill

The powder fill affectsthe welding characteristics and the metallurgical anadysis of the
weld material. Wires can be optimised for a range of characteristics by varying the
composition of the powder.

+ Refining of the weld metal is achieved through the addition of anti-oxidising
elements such as manganeseor silicon.
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Slag-forming elements are added in order to protect the weld whileit is solidifying,
to control the shape of the weld meta and to improve positiona welding perform-
ance.

+ Arc-stabilisingadditives produce a stable, spatter-freearc.

+ Alloying elements such as nickel, chromium, molybdenum and manganese can be
incorporatedin the powder in order to modify the mechanical and metallurgical prop-
ertiesof theweld.

Adding metal powder alone producesa slag-freecored wire that hasa higher produc-
tivity than aflux-cored wire.

The two dag systems used for cored wires are basic and rutile. The rutile type
produces a spray arc, the best welding characteristicsand the best positional welding
performance. Today, rutile cored wires produce equally good mechanical propertiesas
do basic cored wires, whileat the same time producinglittle hydrogen entrapment in the
weld metal. Typical hydrogen concentrationslie between 3 and 10 ml/100 g of weld
metal.

The metal powder-filled cored wires contain a powder that consists mainly of iron
and aloying elements. The only dag formed is in the form of small islands of silicon
oxide. Thesewireshave a high productivity in the horizontal position.

Flux-cored wires are best suited for positional welding, as the slag provides better
control of the weld pool. In comparison with solid wires, cored wires are also regarded
as producing somewhat lessrisk of poor fusion.

Self-shielded flux cored wires arefilled with a powder that developsgasesto protect
the weld pool. Thisisdone by means of appropriate additiveswhich are gasified in the
arc. The resulting substantial expansion excludes the surrounding air from the arc and
weld pool.

12 |
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Figure5.16 Deposition rate when welding carbon steel.

Cored wires are manufactured from 0.8 mm upwards in diameter, with the
commonestsizesbeing 1.2, 1.4 and 1.6 mm. Therange of weld metal gradesiswide, and
is constantly increasing. In particular, the range of cored filler wires for use with
stainlesssteel has increased.

Welding speed is higher with cored wires than when using coated el ectrodes(MMA).
Asthe current flows through the outer wall of the wire, current density is higher, with a
correspondingly higher rate of melting of the metal.
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Applications
The use of cored wire electrodesis increasing in parallel with the introduction of new

typesof wire. They are used, for example, for:
« sheet thicknessesfrom 4 mm and upwards.
» baoth butt and fillet welds.

- manua weldingin al positions.

« robot welding in the horizontal position.

The benefits of cored filler wires are:
« high deposition rateas a result of the high current density.

- easeof varying the alloying constituents.
+ stabilising substancesin the powder extend the range of usablewelding data.

basic electrodes are tolerant of contamination in the material, producing a tough,
crack-resistant weld.

 better transverse penetration than with solid filler wires.

The drawbacks of cored filler wires are:
« Sdf-shieded wiresproducerelatively large quantitiesof fume.

« A higher pricethan for solid wires (doesnot necessarily mean a higher total cost).
« Troublesomethermal radiation at higher welding currents.
 Finishing work required when using slag-forming wires.

High productivity gas metal arc welding with solid wires

Single-wire methods

The productivity of mechanised MIG/MAG welding, using conventional solid filler
wires, has constantly improved in recent years. One of the leaders in this development
was Canadian John Church, who launched the TIME method (Transferred lonized
Molten Energy). Compared to conventiona MAG welding, this method intentionally
uses a long, high-current filler wire stickout. Resistive heating means that the wire is
preheated, thus permitting a higher rate of feed without a corresponding increasein the
current.

The TIME method includesa special patented 4-component shielding gas. The AGA
and Linde welding compani es haveinvestigated the method, and further devel opediit for
use with other gas mixtures, caling the resulting processes Rapid Processing™ and
Linfast® respectively.

The higher feed speed resultsin a higher productivity: in some cases, at a rate of up
to 20 kg/h of deposited weld metal. Linear welding speed can be twice that of conven-
tional MIG welding, while producing the same appearance of the weld bead and pene-
tration profile. Different types of arc are used: perhaps the commonest is a type of
forced short arc that is within the range covered by conventiona welding equipment.

Under certain conditions, a rotating arc is produced when welding at higher welding
data. The high productivity, in combination with a higher current and larger weld pooal,
mean that welding must be carried out in the most favourable horizontal position.
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Arcvoltage
50V

Wire feed speed 50 mimin

Figure5.17 Rapid Arc and Rapid Melt can be used with considerably higher welding
data than with conventional short arc or spray arc welding. (Royal Institute of
Technology, Department of Welding, Stockholm, Sweden.)

Tandem and twin wire welding

Another way of improving productivity and raising the welding speed is to use double
filler wires. Both wires can be connected to the same power unit, which meansthat they
share a common arc. This method goes under the name of Twin Arc. Alternatively, if
two power units are used, the method is referred to as Tandem Welding. Nevertheless,
the two wires are so close to each other they weld into acommonweld pool.

Welding with two wires can increase the speed to at |east twice the normal value or,
when welding thin sheet, even higher. In some applications, linear wel ding speed can be
up to 6 m/min.

Setting the welding current and voltage can be much more complicated when two
wiresare used, particularly with tandemwelding asit is necessary to set the welding data
separately for each wire. Because the two arcs are close to each other, they can some-
times interfere through magnetic arc blow effect. Therefore this process often uses
pulsed welding, with the pulses on each wire displaced out of phase with each other.

Arc spot welding

Thisis a MIG/MAG method intended to produce spot welds. The welding torch has a
gas nozzlewith support legs, and thewelding timeis controlled by atimer. The resulting
welds are often overlap joints, as produced by conventional resistance spot welding.
However, in this case, the workpiecedoes not need to be accessible from both sides. The
support legs provide the correct wire stickout, and aso serve to some extent in pressing
the two piecesof metd into contact with each other.

Welding data (voltage and wire feed) are considerably higher than what is usual for
the particular meta thickness concerned. The welding time is controlled to produce a
through-weld within a relatively short time, generaly less than one second. This
produces alow convexity with good coverage, without burning a hole in the upper piece
of metal.
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Figure 5.18 Arc spot welding.

In comparison with continuouswel ding, the process has the following advantages:

Less heating and distortion.
Very simpleto operate: smply positionand press.
« Lower, better-shaped convexity, particularly when welding thin sheet.

Asthe welding processis short but intensive, the method is less sensitiveto welding
position, imbalance in the metal thicknesses, gap width variationsetc., and can therefore
be used when such effects would otherwise make it difficult to produce successful
continuouswelds.

The welding environment

Aswith other arc welding processes, the welder is exposed to varioushedlth risks. These
include fumes and gases, as wdll as ultraviolet radiation from the arc. Spatter is not a
particularly seriousproblem, aslong asit isin the form of very small particles. Perhaps
the commonest problem is that of minor burns from the radiation, or from some errant
drop of molten metd. It can be difficult to work with high welding data during the
summer, as welders need to wear full protective clothing. For manual welding, the
maximum usable current, as determined by the amount of heat generated, is about 400-
500 A.

MIG/MAG welding seldom givesriseto health problems, athoughit isimportant to
be aware of the risks.

Fumes and gases
On average, the fume produced by MIG/MAG welding is less than that produced by the
use of coated electrodes. The fume consists of solid airborne particles, often metal
oxidesfrom the electrodeor from any surface coating on the workpiece. Oil fumeisalso
formed if the workpieceisoily or greasy.

Thenormal protectivemeasuresconsist of good ventilation, preferably in theform of
local extractionimmediately abovethe weld, and attempting to avoid breathing in direct
fume from the weld. Particular care should be taken in certain cases:

+ If unusualy large amounts of fume are produced. Cored wire containing flux, and
being welded with high welding data, can produce substantial quantitiesof fume.
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»  Ozoneis formed for example when MIG weding duminium at high currents and
with a high-radiancy arc. Note, however, that shidding gases are available that
actively helpto bresk down the ozone. Avoid welding in the presenceof chlorinated
hydrocarbon solvents (e.g. trichlorethylene): a chemical reaction can produce phos-
gene, which is poisonousand damagesthe lungs.

+  Thefume from auminium can cause damageto the nervoussystem.

+  Thefume produced when welding stainless steel containschromium or nickel. A low
hygieniclimit isset for thisfume, asitisacancer risk.

« The use of CO, as the shidding gas can produce carbon monoxide which, under
unfavourablecircumstances, can reach health-hazardouslevels.

»  Wedding galvanised stedl produces substantial quantities of fume due to the low
bailing point of the zinc. Inhaation of thisfume can cause an ague-likeresponse.

In these situations, and a so when welding in confined spaces where there i s insuffi-
cient ventilation, it can be appropriateto useafreshdr bresthing mask.

Figure5.19 When welding in confined spaceswhere there isa risk that the
concentration of fumes and g?asm could be too high, the welder must use breathing
protection with a supply of clean air.

Welding torches with integral extraction can remove mogt of the fume before it
reachesthe surroundingdr. The position of the extraction nozzleshould be adjustable, in
order to avoid interfering with the shielding gas.

Figure5.20 Weldingtorchwith infegral fume extraction.
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Noise

Short arc welding is relatively noisy, producing noise levels up to 80 dB. Welding is
often also accompanied by noisy grinding work in the vicinity. By using a suitable
welding process, shielding gas and welding technique that minimises grinding and slag
removal, the noise problem can be reduced.

Arc radiation
Thearcisastrong source of radiationin theinfrared, visibleand ultravioletrangesof the
spectrum. Specia protective glasses must be used for the eyes, and all skin should be
protected by fully-covered clothing.

Arc eye (Flash) isastrongly irritating inflammationof the corneaof the eye, caused
by ultravioletradiation.

As an dternative to ordinary protective goggles, there are welding helmets with
liquid crystal screens that sense ultraviolet radiation and switch extremely rapidly
between clear and opague.
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Figure5.21 Recommended filter shade levelsfor protective glass filters. More detailed
informationis given in the standard EN 169.

Ergonomics

Welding thicker, heavier and/or larger parts manualy and during assembly welding
involvesmore static loading on the welder. The welding timesare longer and the weight
of the equipment isgreater. In addition, the working position in thiscaseis dependent on
the position of the weld joint. Working with the hands in a high position at or above
shoulder level should be avoided whenever possible. Overhead welding is unsuitable
froman ergonomicangle.
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Weding small items in fixtures is often characterised by many short welds, with
monotonous, unchanging movements between them. When planning a workplace, the
working height plays an important part in creating the correct working position. In this
context, positioners and lifting tables can be very useful. The working position is partly
determined by the welder's need to have his/her eyescloseto the workpieceto be ableto
see the molten pool clearly while welding. If the working height is too low, the welder
hasto bend to see properly. A chair or stool might then be very useful. It is aso a good
thing if theworkpieceis placedin a positioner and is positioned to ensurethe best acces-
sihility and height (Figure 5.22). A more comfortable working position can be created
and, at the same time, welding can be facilitated as the joint is in the best welding
position.

Figure5.22 A positioner for the workpiece.

In conjunction with heavier welding, the gun and hoses are a so heavier. A counter-
balance support can providevaluablehelpin thissituation. Li fti ng the hoses off the floor
also protectsthem from wear and tear, aswell as facilitating wire feed.

Figure5.23 A counterbalance armreducestheweight of the hose bundle over the entire
working area.
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Spatter

Inpsome cases, the spatter produced by welding can cause discomfort and even burns.
Therisksincreasein connection with overhead welding or if the weldingis performedin
confined spaces. Spatter can be reduced by using the correct welding parametersand an
appropriate shielding gaswith ahigh argon content. Fine spatter is normally fairly harm-
less. To avoid these problems, it is important to use fully-fitting clothing and clothing
made of suitable heat-resistant material.

5.4 Weld quality

Welded constructions may be vehicles, pressure vessdls, cranes, bridgesand others. Itis
an important task to ensurethe welding quality. Quality systems are specified in stand-
ards. They include tasks and responsibilities for the welding coordination (EN 719),
approva testing of welders (EN 287) and specification and approva of welding proce-
dures(EN 288).

The reader will beintroduced shortly to thework that hasto be done before and after
welding to ensure overall quality. The most common imperfections in welds are also
described together with the most common causeson why they occur.

Joint preparation

Before commencement of welding, thejoint surfacesand areaaround the weld should be
cleaned. Moisture, dirt, oxides, rust and other impurities can cause defective welds.
Stainlesssteel sand aluminium needs specia care.

Aluminium joints have to be cleaned by degreasing with alcohol or acetone. The
oxide must be removed by a stainless steel brush or other ways. Welding must to be
carried out in conjunction with cleaning before new oxide builds up.

High quality stainless steel joints need to be cleaned in a similar way. Tools and
brushesmust be made of stainlesssted!.

Striking the arc

The normal procedurefor striking the MIG/MAG welding arc is for the gas supply, the
wire feed unit and the power unit al to be started before the welder presses the trigger
switch on the welding torch. Thisis aso the method that is generaly preferredin most
cases, asit results in the quickest start. However, problems can arise: for example, the
wire may hit the joint, or there may be one or more false starts before a weld pool is
created and the welding stabilises.

Creep starting providesa gentler start. The wireisfed forward at reduced wirefeed
speed until electrical contact i s established with the workpiece, after which thewirefeed
speed increasesto the set value.

Sputtering during starting is a problem that can occur from anumber of causes. The
tendency to sputter increasesif the inductance is high and the voltageis low. Welding
data that may operate satisfactorily once welding has started is perhaps less suitable
when starting to weld.

Gas preflow is used when welding sensitive materials, such as aluminium or
stainlesssted. The gasflow startsa short (and adjustable) time beforethe arc is struck.
The function ensuresthat there is proper gas protection of the workpiece beforewelding
starts. Note, however, that if the gas hose between the gas bottle and the wire feeder is
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long, it can act asa'store for compressed gas, which isthen released asan uncontrolled
puff of gaswhen the gasvalve opens, involving arisk of creating turbulencearound the
wed, with reduced protection from the gas. However, agas-saving valveis availableas
an accessory, reducing the pressurefrom the gas bottleand thuseliminatingtherisk of a
puff of gas. The gas pre-flow function will also eiminatethis problem because the puff
israther short.

The hat start facility increasesthe wire feed speed and arc voltagefor acontrollable
time during the sart of welding. It reducestherisk of poor fusionat the start, before full
hest inflow has become established.

r"‘“‘““'“"“ |’ : il

Figure5.24 X-ray picture of an aluminiumweld containing pores.

Pores

Poresin the weld metd are often caused by some disturbancein the gasshield, but there
ared so different reasons.

»  Wrong setting of gasflow. Theflow must beenough; it should be adjusted according
totheweding current. To high amount of gaswill cause problemswith turbulencein
thegasnozzle.

» Draught in the place of welding. A rspeed above 05 m/s can interfere with the gas
dream from the gun (somewhat depending on the setting of the gasflow).

= Defect equipment. Clogged channelsor leakage can prevent the gas from flowing.
Contral if possible by measuring direct on the opening of the gas nozzle. Clean the
inside of the nozzle regularly from spatter.

= Thejoint surfacesare contaminated with oil, rust or painting.

Lack of fusion

Problemswith lack of fusion betweenwed and parent metd have different reasons.

 Incorrectsetting. Low voltage or long el ectrodesti ck-out will result in welding where
theadded heat isnat in proportion to the amount of filler materid.

+ If themeted metd in the pool tendsto flow beforethe arc. Thiscan be caused if the
wedisdoping, and if thewelding torch isnot properly aigned with the direction of
theweld. The problem will dso be worse if thereisa large weld pool as a result of
high heat input and dow travel speed of the welding torch.

+ Thelargethermd dissipationat thick workpieces.

+ Unfavourable geometry or too narrow joint angle.
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- Thearc isdirected in the wrong way (misalignment) and one edge of the joint is
heated insufficiently.
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Figure5.25 Example of afillet weld with lack of fusion against the base plate.

End craters

End cratersarise as a result of direct interruption in welding. This allows a crack or
crater to form in the find part of the metd to solidify, as a result of shrinkage forces
during solidification. When grainsfrom oppositesidesgrow together, low melting-point
congtituentsand impuritiescan be swept ahead of the solidificationfront to formaline
of wesknessin the centre of theweld.

The crater filling function available in advanced power sourcescan be used to avoid the
creation of craterswhen weldsarefinished. Thearc continuesto providea reduced heat
input while the weld pool solidifies. This has the effect of modifying the solidification
process so that the final part of the weld pool solidifiesat the top, thus avoiding the
formation of a crater.

Figure5.26 A crack may appear asan effect of direct interruption of the welding.

Post weld treatment

The corrosion resistance of stainless steelsis degraded if oxides from welding remain.
Special root gasis used to avoid oxidation and chemical and mechanical post weld treat-
ment hasto be done.
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6 Metal arc welding with coated electrodes

6.1 Description of the method

Manua Meta Arc welding (MMA) is often referred to as Shielded Meta Arc Welding
(SMAW) or stick electrode welding. It wasthe predominant form of fusion welding until
the beginning of the 1980s. Electrode rods consist of a wire core with an externa
coating. They are madein arange of core diameters, with each diameter being intended
for aparticular current range. Welding involves striking an arc betweenthe éectrode and
the workpiece, with the heat of the arc melting the electrode (i.e. the filler material), and
with the coating melting to form a protective dag.

The equipment required is simple, as shown in Figure 6.1, which means that the
method i sstraightforward to use. It is particularly suitablefor jobs such asthe erection of
structures. It can also be used outdoors, as opposed to other methods requiring shielding
gas, which are unsuitable in wind. However, its arc time factor is relatively low, due to
thetime required for chipping away dlag after welding and changing the electrodes.

Electrode
hoider

AC or DC

Ql ’/4 Welding cable

W—] | )

Return cable

Figure6.1 Schematic diagram of manual metal arc welding.

6.2 Equipment

Power sources

When welding with coated electrodes, the required current is set at the power source.
The welding current must be kept within certain limits even though the arc length may
vary. The short-circuit current should not be more than about 60 % higher than the
current setting, in order to avoid spatter from the short-circuiting of the arc caused by the
droplets of molten metal in it. On the other hand, too low arise in current can result in
the eectrode 'freezing' to the work. These requirements mean that the power source
should have adrooping load characteristic.

Power sourcesfor MMA welding do not need to have as high an intermittence factor
asthosefor more mechanised methods. anormal valueis 35 %.

MMA welding can be performed using either DC or AC, which meansthat al types
of power sources can be used. The advantages of using AC are that the power sourceis
simple, and there is reduced magnetic arc blow effect on the arc. However, AC-welding
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restrictsthe choice of type of electrode and necessitatesthe power source providing a
sufficiently high open-circuitvoltage, of at least 50 V or preferably more.

Potential for mechanisation

Mechanisationis possible using what is known as gravity arc welding, which involves
securing the electrode and feeding it along the joint by a mechanica electrode feeder
frame (Figure 6.2). In this way, a single welder can keep 3-5 arcs burning a the same
time. With correctly set welding parameters, the use of this cheap and simple equipment
enablesone welder to make 280-400 m of fillet weldsin an 8-hour working day. Such a
productivity level is difficult to achieve with any other types of welding equipmentin a
similar priceclass.

AC current

| —

Figure 6.2 Gravity arc welding equipment for 700 mm long electrodes.

6.3 Electrodes

A wide selection of electrodesis available, to meet most requirements. The coatings
consist of various mixturesof finely powdered chemicals and mineras, held together by
asuitable binder.

The coating performsa number of important functions, including:

- protecting the metd droplets and the weld pool against reactions with the air,
provided by the molten dag and the gases devel oped from the coating.

+ improving the stability of the arc. Without arc-stabilising substances in the coating,
the arc would be difficult to control and would produce excessive spatter. It would
aso extinguish easily, particularly when welding with AC. Arc-stabilising or
ionising substancesincludetitanium, zirconium and magnesium.

- shaping the upper surfaceof the weld and facilitating removal of the hardened slag.
The use of coated el ectrodesproducesa layer of slag on top of thejoint that hasto be
removed after welding. This requiresthe use of a chipping hammer or wire brush,
and can be easier or harder, depending on thetype of electrode coating.

applying alloying and/or anti-oxidising substances to the weld pool. The coating
may also contain iron powder in order to improvetheyield.

» providing sufficient penetration into the base material while welding. Penetration is
determined by materials that can release a significant quantity of hot gas, such as
carbonates or cellulose compounds.

Electrodesare divided into three groups, depending on the chemical composition of
thedag: acid, basic and rutile.
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Acid electrodes

The coating of acid electrodes includes iron and manganese oxides. Acid eectrodes
produce smooth, shiny weld beads, with the slag solidifying slowly, being porous and
easy to remove. The weld metal has a lower yield strength and ultimate tensile strength
than that produced by rutile and basic electrodes, but a higher rupture strain. Although
electrodes of this type were previously the most commonly used, nowadaysthey have
only asmall market share.

Rutile electrodes

The coating of rutile electrodescontainslarge quantities (about 2545 %) of the minera
rutile (TiO,). Electrodesof this type produce an arc that is easy to strike and re-strike.

They are very easy to use and produce neat weldswith an easily removable slag. Unfor-
tunately, they also produce a higher hydrogen content in the weld metal, which intro-
ducestherisk of hydrogen embrittlementand cracking and restrictstheir use to welding
carbon stedl having a minimum ultimate tensilestrength less than 300 MPa.

There are two categories of rutile electrodes. The first has a lower proportion of
cellulose constituentsand a somewhat thicker coating, which producesa greater quantity
of dag. These electrodes are intended primarily for horizontal welding, producing an
almost spatter-free arc. The surface of the weld is smooth, and somewhat concave, but
with good symmetry and uniformity.

The second category has a thinner coating, which producesa more rapid solidifying
slag, with a more intensive arc due to the inclusion of a larger quantity of gas-forming
substances. Electrodes of this type can be used for horizontal, vertica or overhead
welding. Penetration is somewhat deeper, and the quantity of slag is less. Horizontal
weldsareflat to dightly convex, whiledownward vertical weldsare concave.

Basic electrodes

Basic electrodes contain calcium fluoride (fluorspar - CaF,) in the coating. The dag

reacts as a base, thus leaving low sulphur and oxygen contentsin the weld metal. The
strength and toughnessof the weld are therefore the strongest of those welds produced
by any type of electrode, and the resistanceto hot crackingis also higher. Basic elec-
trodes produce a slag having a lower melting point than that from rutile and acid elec-
trodes, which meansthat the risk of dag inclusionsisdight, even if the ag has not been
completely removed between passes. They are well suited for positiona welding in all
positions.

Dueto the very high temperaturesinvolved (up to 500°C) in the manufactureof elec-
trodes, the moisture content of the coating is low when the electrodesare supplied. Asa
result, the hydrogen content in basic weld metals is low, thus providing good cold
cracking performance.

Basic electrodesare, however, hygroscopic, which meansthat they must be stored in
dry conditions. When delivered, they are normally packed in specia diffusion-proof
wrappings. Every welder should have accessto a pouch, in which the electrodescan be
kept at atemperatureof 50-80°C throughout the working period. At the end of the day,
the pouch can be emptied, and unused electrodes stored in an oven at a temperature of
about 150°C.

The disadvantage of basic electrodesis that they produce a somewhat coarser and
rougher weld surface, generally of a convex shape.
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Cellulose electrodes

The coating of cellulose electrodes contains a relatively high proportion of cellulose
substances, intended to produce excellent penetration by providing a high hydrogen
content in the arc when welding in any position. These electrodesare used exclusively
for welding oil or natural gas pipes. The coatings have a high moisture content and
becausethe resulting weld metal contains a high dissolved hydrogen content, it is neces-
sary to employ specia methods of welding and to operate at €l evated temperatures of
100-250°C even when welding relatively thin materials (>8-10 mm).

Penetration electrodes

Penetration electrodes are coated with a thick mixed rutile/acid coating, containing a
high proportion of cellulose substances. They produce substantial gas emissions, that
increase the arc penetration in the underlying base material. These electrodesare used
only in the horizontd position and for welding I-joints (square butt joints).

TABLE 3.2 Factors influencingthe choice of welding electrode.

Rutile Acd Basic
Factor dectrode dectrode eectrode
Arc stability ++ +
Appearanceof the weld bead + ++
Strikingthearc ++ +
Strengthof theweld ++
Differ ent welding positions + - +
Risk of daginclusions +
Resistanceto corrosion + +
Fume formation ++ +
Sagremoval +
Hydrogen inclusion in the ++
weld

High-yield electrodes

The productivity (the yield) of an electrode can be substantially improved by mixing
iron powder with the coating. The resulting weld metd is produced both by the core
electrode wire and the iron powder.

One can distinguish between normal-yield electrodes, having a yield of up to about
130 %, and high-yield electrodes, which have a yield in excess of 130 %, often up to
150-250 %.
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6.4 Weld defects

Figure 6.3 X-ray film showing slag inclusions.

Slag inclusions

Themaost common causeof dag inclusionsisfailurecompletely to removethe dag from
one weld pass before making another. The inclusions may be in the form of individua
particlesor longer lines. Good working methods can reduce the risks.

« Slag should be carefully and thoroughly removed. Slag particlestend to be caughtin
hollowsand sharp angles.

. Usethe correct welding method. Avoid the use of excessively thick electrodesin
confined joints. Try to weldin such away asto avoid undercutting.

Figure 6.4 Poor penetration givesaroot defect.

Poor penetration

A common form of root defect or poor penetrationisthat caused by insufficient penetra-
tion or the presence of slag residuesin theroot. It can be particularly difficultto achieve
full penetration when restarting after replacing an electrode, and conditions are made
more difficult by an uneven gap or joint shape. In such cases, it is often necessary to
grind or chiptheroot sideof theweld and to re-weld.

© 2003, Woodhead Publishing Ltd 67



7 Submerged arc welding

7.1 Description

Submerged arc welding, SAW, (Figure 7.1) is a high-productivity method of welding,
generaly carried out using mechanical welding methods and suitable for use with 1-3

continuouswireel ectrodes.

Wire

+

-~

et sy
L

Welding flux
AC or DC

current

- —

/

[ l
Weld metal Molten pool Workpiece

Figure 7.1 Schematic diagram of submerged arc welding.

The arc or arcs are struck and bum beneath alayer of flux, which is supplied to the
welding head whilst the welding is in progress. The flux closest to the arc melts and
forms slag on the surface of the weld, thus protecting the molten metal from reacting
with the oxygen and nitrogen in the air. Residual powder is sucked up, returned to the
flux hopper and re-used.

Welding can be carried out with DC or AC.

If the welding parametersare properly set, the appearance of the weld is often very
uniform and bright, merging smoothly into the workpiece material. The slag also usualy
comes away by itself.

The flux masksthe light from the arc and thereis no smoke or spatter from the weld.
This improves working conditionsas compared to that of gas metal-arc welding. On the
other hand. there is still the need to handle the flux: athoughits supply to the weld and
subsequent recovery are mechanised, it isstill acomplicatingfactor.

The advantagesof the submerged arc welding method are

« A highdepositionrate
Deep penetration, which allowsthe quantity of filler material to be reduced
« Theability to achieveahigh arc timefactor (i.e. effectivewelding time)
+ Highwed quality
+ Improved working environment compared to other arc welding methods.

© 2003, Woodhead Publishing Ltd



SUBMERGED ARC WELDING

Submerged arc welding is used mainly for large items, such as plates in shipyards,
longitudina welding of large tubesor beams, or large cylindrical vessels. The method is
used for both butt welds and fillet welds. Another application areais that of cladding,
e.g. stainlesssteel onto ordinary carbon steel, or when applying a coating of some hard
wear-resistant material. These processes often use strip el ectrodes.

7.2 Equipment

The welding equipment consists of awire feed unit, in the form of a drive motor, reduc-
tion gear and feed rollers, which feeds the wire from the wire spool to a contact device,
preferably with spring-loaded contact pads. The flux is supplied to the weld from a flux
container, and is often recovered after the weld by a suction unit which sucks up the
surplusflux and returnsit to the flux container.

Travel is normally mechanised, although there are welding torches intended for semi
automatic submerged arc welding. The power source, wire feed speed and linear travel
speed are dl automatically controlled.

Power sources

Power sourcesfor submerged arc welding may have either straight or drooping charac-
teristics. A straight characteristic provides good self-regulation of the arc length. The
wire feed speed is sometimes al so controlled, which is done by sensing the arc voltage
and adjusting the wire feed speed to maintain a constant arc length. This method can be
suitable for use with thick wiresand in combination with power units having a drooping
characteristic,in order to reduce current variations.

Power sources for submerged arc welding are designed for high current and duty
cycles, e.g. 800-1600 A, 44 V and 100 % duty cycle. Both AC and DC welding may be
used.

One type of AC welding current power source uses thyristors to produce a square
wave. Thisis a relatively smple and satisfactory way of controlling single-phase AC
without interrupting the welding current and extinguishing the arc. If the welding cables
arelong, itisagood ideato run the supply and return cablesclosetogether. This reduces
the inductive voltage drop, assiststhe fast zero transitionsand avoids the unnecessary
creationof magneticfieldsaround the cables.

Arc striking methods

It can sometimes be difficult to strikethe arc if the power source hasa low short-circuit
current (drooping characteristic). Other causes can be slag on the electrode wire, or flux
between the wire and the workpiece. Thereare many ways of assisting striking, of which
the most commonisto cut the wire, preferably to produce a sharp point.

Mechanisation aids

Equipment used for the longitudina travel motion includes

«  Waeding tractor that run directly on the sheet to be welded (Figure 7.2);

+ A welding head that can be mounted on acolumn and boom unit (Figure 7.3);
Powered rollersfor rotating cylindrical workpieces(Figure 7.4).
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Figure 7.2 Awelding ractor for mechanised welding.

It may also be necessary to have some kind of equipment to guide travel along the
joint. One simple method is to project a spot of light in front of the welding point, and
for the operator to keep this centred on the line of the joint. Another method involves
purely mechanica control, using support rollersetc. In the case of larger workpieces, it
may be appropriateto have some type of automatic joint tracking control. A common
principleis to have a sensor finger that rides in the joint ahead of the arc, to provide
servo control of acrosshead that carriesthe welding head.

R

Figure7.3 Welding head fitted to a column and boom unit.

© 2003, Woodhead Publishing Ltd
70



SUBMERGED ARC WELDING

Figure 7.4 Roller beds that automatically adapt to the workpiece diameter. They are
often used together with a column and boom unit. The rotational speed is controlled by
the built-in motor.

7.3 Filler material

The proper choices of filler wire and flux composition are important for the finished
weld. The aim is generally to achieve a composition and strength of the weld meta
similar to that of the base material. The weld metad analysis depends on the materias
used in the filler wire, with alowance for such factors as possible loss of aloying
elementsby bum-off in the arc, melting of the base metal and aloying from the flux.

When using a strongly aloying flux in a joint with many passes, there is a risk of
build-up of alloying materid through uptake of material from previouspasses.

Filler wires

Thewire gradeand its content of alloying metals primarily affect the mechanica proper-
tiesand chemical analysisof theweld meta. When deciding on an appropriatechoice of
wire, it isvery important to allow for thefollowingfactors:

+ The strength of the weld metal can be increased by aloying with manganese and
silicon.

+ Theuse of molybdenum and nickel as aloying elementsimprovesthe toughness of
theweld metal at low temperatures.

Thefiller wire may be copper-plated in order to improveel ectrical contact and to protect
against corrosion. Common wire diametersare 1.6, 2.0, 2.5, 3, 4, 5 and 6 mm.

Filler materid in the form of strip (e.g. 0.5 x 100 mm) is often used when applying
stainlesssted cladding, e.g. to pressure vessel steel. Asaresult of the rectangular cross-
section, penetration is exceptionally low, producing a smooth and wide weld. The
favourablelow dilution from parent meta does not affect the corrosion resistance of the
surfacelayer. The method isalso used for repair of wom parts.
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Figure 7.5 Depositionratesfor different wire diameters. 30 mm stickout length, DC+
polarity. The higher melting rate for thinner diametersdependson the higher resistive

pre-heating in the stickout.

Flux

The most important purposesof theflux are:

+ Toform adag and protect the molten weld metd against the harmful effectsof the

ar.

- Tosupply aloying constituentsto the weld metal and control itscomposition.
- Toimprovethe stability of the arc and to assist ignition.
« To form the weld's surface convexity and give a good surface finish to the weld

metal.

« To control the flow characteristicsof the molten weld metal.

TABLE 7.1 The meltingpoint of theflux hasa considerableeffect on the quantity of
micro-dagsin the weld metal. In thisrespect, the oxygen content isa measure of the

quantity of these dag inclusions.

Melt Oxygen content
Typeof flux | Basicity interval, °C | by weight, ppm
Acid <09 1100-1300 | > 750
Neutral 09-11 1300-1500 | 550-750
Basic 12-20 > 1500 300-550
High basic >20 > 1500 <300
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As with coated eectrodes, the flux may be acidic, rutile or basic. Acid and rutile
fluxes have excellent welding characteristics and produce a good weld appearance,
athough the mechanical properties of the weld are more modest. A high proportion of
oxidesin theform of microdagshave an unfavourableeffect on the impact toughness of
the weld, see Table7.1. Increasing basicity improves the mechanical properties, but at
the expense of somewhat lower welding performance.

The best results are obtained if the depth of the flux when welding is controlled so
that thearcisjust hidden by the flux bed.

Flux manufacture

Fused flux. |ts preparationinvolves melting mineralsat high temperatureto produce
a glasslike mass. Thisis alowed to cool, and is then crushed and screened to appro-
priate grain sizes. Chemical homogeneity of the molten flux is important. It is also
important that the flux should not be hygroscopic: damp flux is difficult to handle.
However, reactions can occur between the alloying substances when the flux melts,
whichimposessome limitson the chemical composition of the material.

Agglomerated flux. Thisismade by adding a suitablebinder, such as water-glass, to
the dry powder constituentsof the flux. It isthen dried in rotary kiln a a temperature of
600-900 °C, after which the materia is screened to produce the required grain size. A
characteristic of agglomerated flux isthat it iseasy to vary the chemical compasition by
adding various alloying elements, and that it is very hygroscopic. Agglomerated flux
may also be more tolerant of rust and mill scae. Its popularity has increased, so that
today it isthe most commonly used type of flux.

TABLE 7.2 Properties of fused and agglomer atedflwc.

Flux type Benefits Drawbacks l

Fused Non-hygroscopic Alloying elementssuch as Cr and Ni
High grain strength cannot be incorporatedin the flux

High density (approx. 1.6 kg/1)

Agglomerated | Alloying elementssuch asCr and | Hygroscopic
Ni can be included in the flux

Low density (approx. 0.8 kg/1)

Relatively low grain strength

7.4 The effect of the welding parameters

As with other arc welding methods, the welding parameters have a considerable effect
on the characterigtics of the welded joint. The variablesin submergedarc welding are:

+  welding speed

+ polarity

« arcvoltage
arc current

+ thesizeand shape of thewelding wire
+ thefillerwireangle

« the number of weldingwires

+ wirestickout length
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+ theuseof additional filler wire or metal powder additive
+ thetypeof flux (acid/ neutral / basic).

The welding speed affects the penetration and the width of the weld (the cross-
sectional areaof the weld). A high speed producesa narrow weld with little penetration.
An excessively high speed produces a risk of undercutting, pores, root defects, poor
fusion and magnetic blow effect. Too low a speed resultsin an uneven surface, while
extremely low speed produces a mushroom-shaped penetration, and can result in
thermal cracking. In addition, it producesa large weld pool, which flows round the arc
and resultsin an uneven surface and dag inclusions.

70 cm/min

50 cm/min
30 cm/min

Figure 7.6 The effect of welding speed on weld appearance, with constant values of
current and voltage.

Polarity also affects the penetration. If the filler wire is positive, penetration is
deeper than if the filler wire is negative. This means that it is better to use negative
polarity when performing cladding, in order to avoid mixing the cladding materia into
the base material. Melting rate is increased by about 30% percent when negative
polarity is used.

+ ~ -

v v

Figure 7.7 The effect of wire polarity on penetration.

A high arc voltage produces a broad weld with little penetration. This meansthat it
issuitablefor welding wide gaps, and for increasing the admixture of aloying elements
from the flux. It also increases flux consumption, and makes removal of the cold dlag
more difficult. A high arc voltage also increases the risk of undercutting, particularly
when making fillet welds. A low arc voltage, on the other hand, producesa high weld
convexity and adifficult contact angle with the workpiece material.

24V 28V 32V 38V 40V
Figure 7.8 The effect of arc voltage on the appearance of the weld.
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The welding current affects penetration and deposition rate. A high current results
in a higher and narrower weld, with a greater penetration depth. However, too high a
welding current can result in undercuts, an uneven weld convexity, burn-through,
thermal cracking, an inappropriate merging angle with the body materia and under-
cutting.

200 300 400 500 600A
Figure 7.9 The effect of welding current on weld appearunce.

Wiresize. A smaller wirediameter resultsin greater penetration than athicker wire.
For a given current, arc stability is better with a thinner wire, due to higher current
density. On the other hand, a thicker filler wire with a low welding current can more
easily bridgeawidejoint.

RAAAAA

4 3,25 3,0 25 2,0mm
Figure 7.10 The effect of wire diameter on weld appearance.

Wireangle. Theangle of thefiller wireto the joint hasa considerable effect on the
shape and penetration of the weld. In certain cases, forehand welding (see Figure 7.11)
gives a wider bead that can counteract the tendency to produce a high, narrow weld
convexity,and thusallow a higher welding speed to be used.

Backhand Vertical Forehand

e

Figure 7.11 The effect of filler wire angle.

7.5 Productivity improvements

Tandem welding. Thisarrangement employstwo or more electrodes, one behind the
other, feeding into the same weld pool. The first electrodeis connected to a DC positive
supply, and the second is connected to an AC supply. This meansthat the first electrode
produces the desired penetration, while the other(s) fill(s) the weld and produce(s) the
required shape. The use of AC on the second and subsequent wires also reduces the
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problem of magnetic blow effect between the wires. This arrangement can achieve a
very high productivity.

Twin arc welding. This involves feeding two wires in parallel through the same
contact tip. It differs from tandem welding in using only one power unit and one wire
feeder. Depending on the desired result, the wires may be arranged side by side or one
behind the other. In comparison with the use of asinglewire, twinarc welding resultsin
ahigher rate of melt production and improved stability.

A twin-arc welding machine can be easily produced by fitting a single-wire machine
with feed rollersand contact tips for two wires. Without very much higher capital costs,
it is possible to increase the deposition rate by 3040 % in comparison with that of a
single-wiremachine. Wiresizesnormally used for butt welding are 2.0, 2.5 and 3.0 mm,
with wire separations of about 8 mm.

Long stickout. Increasing the distance between the point where the current enters
the wire (the contact tip in the wire feeder unit) and the arc hasthe effect of resistance-
heating the wire, giving a 20-50 % higher deposition rate, which meansthat the welding
speed can be increased. However, the wire must be carefully guided: there isarisk of
root defectsif it is not properly aligned in the weld. A wire straightener can be the
answer.

Cold wire. Two wiresare used, but only one carriescurrent: the other isfed into the
arcfromthe side. Thisincreasesyield by 35-70 %.

Hot wire. This involves the use of an additiona wire, resistively heated by the
welding current. It can increasethe quantity of melted material by 50-100 %.

40
kg/h
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Single + metal powder / Tandem

1x4+70% / 3 x4 mm
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Cold wire{SCW) /
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' d
—{ Twin-arc Tandem

2x25mm // 2 x 4 mm

Cored wire //
10 7 1x4mm //

Single wire
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1 T T
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Figure7.12 lllustration of different possibilities to increase the deposition rate.
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M etal powder additive. Metal powder or small piecesof cut filler wireare fed into
the weld, and melted by the heat of the arc. Thiscan increaseyield by up to 100 %.
The benefits of these methodsare:

- Lower heat input (30-45 %) for the same melt volume - less welding distortion.

« Control of the arc pool composition through the use of extra materials and less
melting of the workpiece material.

« A narrower HAZ, finer structure of the weld metal and improved impact toughness
asaresult of theyield energy being lower for agiven volume of weld metal.

7.6 Joint preparation

Submerged arc welding is suitable for welding sheet metal from about 1.5 mm thick and
upwards, although it is mostly used for somewhat thicker materials.

As the process is a mechanised method, the quality of joint preparation prior to
welding is important. Insufficient attention to tolerances or cleaning will result in a
defective weld. A clean, properly prepared joint also allows higher welding speedsto be
used, with reduced cost of making good, which more than compensates for the more
expensive preparation.

Single-sided welding is often convenient, which usually involves some form of root
support:

« A backingtongue of steel, whichisalowed to remain after welding.
« A backing support in the form of a water-cooled copper bar.
« A flux bed in agrooved copper bar.

- A special ceramic backing support.

Double-sided welding meansthat there is no need to provide root support. The good
penetration of submerged arc welding meansthat butt welds can be made in plate up to
15 mm thick without requiring agap or joint preparation. Thicker materias requirejoint
preparationin theform of V-shaped or X-shaped joint faces, perhapsalso in conjunction
with multipleweld passes.

Asymmetrical X-joint facesare used in order to even out distortion. The first passis
made in the smaller of the two gaps. Asthe weld metd coolsand contracts, it pullsthe
plate dightly upwardsalong the line of the joint.

Other types of joint include fillet joints, which are very common. Narrow gap
welding is preferablefor welding very thick materids.

7.7 Risks of weld defects

Hydrogen embrittlement. This is aso referred to as hydrogen cracking, hardening
cracking or cold cracking. The cracks occur in the HAZ, close to the melt boundary as
the material cools, sometimes several hours after welding. The effect is caused by a
combination of shrinkage stresses, hydrogen diffusing in from the weld metal and the
formation of the hard martensite phase structurein the metal.

A drawback of all welding processes involving protection by flux is the risk of
moi stureabsorption and the resulting increased risk of cold cracking. The flux should be
properly stored in order to keep it dry. Materials having high carbon equivalentsand
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thicknesses must be welded at elevated temperatures, in accordance with the relevant
rules.

Hydrogen is introduced from the molten pool through moisture or hydrogen
containing elementson the surface of the parent metal. The hydrogen diffusesfrom the
weld beed to the adjacent regions of the heat affected zone. Fast cooling in combination
with steelswith higher strength can give hardening effect. If hydrogen is present thereis
a great risk for hydrogen cracking. Thick plates and low heat input gives high cooling
rate and this increases the risk for hydrogen cracking. An increased operating temper-
ature of the workpieceand carefully dried consumablesis an important way to assurethe

quality.
Pores can be caused by several factors, such as:

« Moisturein theflux.
- Dirt onthe workpiece, such asrust or paint.

Problemswith pores have a tendency to increaseif the molten meta coolsrapidly.

Pinholesare dueto the release of gas (mainly hydrogen) during solidification of the
metd, i.e. during primary crystallisation. The gasis unable to escape sufficiently easily
from the weld metal, but is retained in the metal and acts as nuclel around which the
metd solidifies. Pinholesform in the middle of theweld, running alongit like a string of
beads.

Pinhole formation can be reduced by reducing the speed of welding, carefully
cleaning the surface of the weld joint prior to welding.

Poor impact strength due to grain growth occursin connection with slow cooling.
The high performance and good penetration of submerged arc welding meansthat it is
best to weld even somewhat thicker materials with as few passes as possible. However,
thisresultsin highyield energy, so it may be better to make several passeswhenwelding
difficult materials.

Solidification cracks, aso caled hot cracks arise as the materia cools, if certain
combinations of unfavourableconditions occur.

+ Low width/depth ratio of the weld penetration.
+ High carbon and sulphur contentsin the metal.
+  Shrinkage stressesoccurring as the material cools.

Ny

Narrow and deep joint

Figure 7.13 Solidificarion cracks may appear when the weld is deep and narrow.

© 2003, Woodhead Publishing Ltd
78



SUBMERGED ARC WELDING

Submerged arc welding produces a risk of solidification cracking as a result of deep
penetration and considerable melting of the workpiece material causing substancesfrom
the workpiece materia to end up in the weld metal. Simplistically, these cracks can be
explained by the solidification front pushing a molten zone in front of it that contains
higher concentrations of easily melted substances (or substances that lower the melting
point) than in the rest of the weld metd. In adeep, narrow joint, the weld metal solidifies
in such a way asto leave a weakened stretch trapped in the middle of the weld, which
then breaksto produce alongitudinal crack under the influence of shrinkage stresses.

Hot cracking can be eliminated by forcing the weld to cool from the bottom towards
the surface, so that the primary crystalsare forced to grow diagonally upwards towards
the surfaceof theweld, e.g. by welding against a heat-removing base.

Welding defects associated with starting and stopping welding can be avoided
through the use of starting and stopping tabsthat are later removed.

Many highly alloyed steels have a wider range of temperature over which solidifi-
cation takes place. This increases the susceptibility to solidificationcracking. It isaso
strongly influenced by the solidificationdirection.

Figure7.14 Too high voltage or welding speed may result in undercuts.

Undercutting is a defect that indicates that the appropriate voltage range for the
process has been exceeded. Too low a voltage resultsin a narrow, high weld convexity.
Increasing the voltage makes the weld wider, but too high a voltage can easily cause
undercutting at the edge of the convexity. Too high a linear speed adong the weld can
cause both a high convexity and undercutting together.

The undercut will appear when the weld metal doesn't fill up the cavity that iscut by
the arc. It is most often troublesome in connection with welding of upright fillet joints,
whereit occursin the web.

Slag inclusions are uncommon in automatic welds. If they do occur, it is usualy
between the passes in multi-pass welds. When making such welds in thick plate, care
must be taken to removedl tracesof dag.

Uneven weld bead will be the result if welding current is high in comparison to the
wire diameter — about 1100 A or more. Thisis caused by the high arc pressure on the
weld pool. Theresult of thiseffect isthat the penetrationis excessivefor thewiresizein
use, causing the molten metal to be gjected over the edge of the joint and sometimesal so
causing lack of fusion.

If the current for a wire isin excess of the recommended value, it is necessary to
change up to the next wiresize.
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Pressure welding can be carried out by several welding methods, having in common the
fact that the surfaces of the joint are pressed or worked together. Smiths in traditional
forges used forge welding, which involved heating the metal in afire until it was plastic,
then it could be forged together. This means that forge welding could be classified
among methods of pressure welding. In some cases (e.g. spot welding), the surfacesto
be joined are heated to melting point, while in other methods the weld can be made
without significant heating.

8.1 Resistance welding

Resistance welding is one of the oldest types of welding. Heat is generated by the
passage of an electric current through the resistanceformed by the contact between two
metd surfaces. The current density isso high that alocal pool of molten metal isformed,
joining the two parts. The current is often in the range 1 000-100 000 A, and the voltage
intherange 1-30 V.

We usually distinguish between five different types of resistancewelding:

» spot welding

« seamwelding

- projectionwelding

- resistancebutt welding
« flashwelding

Resistancewelding methodsare generdly fast, efficient and low-polluting. No filler
materiasare required. The drawbackscan be high capital cost and a somewhat limited
range of applications. In principle, each machine can be used for only one type of
welding.

Spot welding

Spot welding is the best-known resistance welding method. It is used for joining thin
sheet materials (up to 3+ 3 mm) by overlap joints, and iswidely used, e.g. in the auto-
motive industry. An ordinary private car can have up to 5 000 spot-weldedjoints.

The high current, in combination with a rapid heating time, means that the therma
energy input is efficiently used: very littleis conducted away to the surrounding metal.
Spot welding therefore has several advantages over other methods of welding sheet
metal, such as:

+ Littledeformation of the workpiece, as the thermal energy is more or less restricted
to theimmediate vicinity of the weld.

« Very highrate of productionfor mechanised processes.

+ Easy to automate, with high consistency, which istherefore suitablefor mass produc-
tion.

« Low energy requirementand little pollution.
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+ Fast: resistancewelding of 1 + 1 mm sheet, for example, takes0.20 s.
« Nofiller materialsrequired.

 Littlespecia training required.

« Lessenvironmental impact than when welding with an arc.

Two electrodes clamp the two sheets of meta together with a considerable force,
while passing a high current through the metal. Therma energy is produced as the
current passes the el ectrical contact resistance between the two sheets, as given by:

Q=P -R-t
where Q= quantity of thermal energy (Ws)
I = current (A)
R =theresistanceacrossthe weld (€2)
t= weldingtimeduration (s)

}

Figure 8.1 The principle of spot welding.

Thetotal resistancebetween the electrodes(see Figure 8.1) ismade up of:

2r;+2ry+rg

where r; = contact resi stance between each electrodeand the workpiece

ry = the resistancethrough the metd of each of the piecesto bejoined
r3 = the contact resi stance between the two piecesof metal.

The contact resi stance between the el ectrodesand the workpiece, and particularly the
contact resistance between the two pieces of metal to be joined, is considerably higher
than the resistanceof the conducting path through the metal. Minor unevennesses in the
surface of the meta meansthat the current is concentratedto a few contact points, with
the result that the heating is greatest at these points. Changing the clamping force can
modify the contact resistanceand thus also the heating.

Aswelding starts, the contact resistancesare very high. Theinitial passage of current
breaks through the surface layers, so that the contact resistances drop rapidly. Most of
the heat formed at the contact between the electrodes and the workpiece is conducted
away through the water-cooled electrodes. However, this is not the case with the heat
developed in the contact resistance between the two workpiece sheets, so the temper-
ature here rises until the melting temperature of the meta isreached, whilethe surfaces
continueto be pressed together by the clampingforce, so that aweld nugget formsin the
contact area.
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Theelectrodesneed to be of a materid with ahigh hardness, low el ectrical resistance
and high thermal conductivity. Cooling is decisive for their life. Wear and tear, together
with deformation, increase the effective contact size of the el ectrodes, which reducesthe
current density and, in due course, the strength of the welds produced. An electrode
normally has a life of about 5000-10 000 welds: when welding galvanised stedl, this
lifeis reduced to about 500—2 000 welds.

Tipdressing, using aspecid tool, restoresthe shape of the electrodetip.

Important parameters of spot welding

The spot welding processincludes a number of variablesthat can be adjusted in order to
achieve optimum welding performance. Tablesof optimum valueshave been produced,
but it isalso necessary to optimise the processby trial and error.

The welding current is the current that flows through the workpiece. Of al the
parameters, it isthis that has the greatest effect on strength and quality of the weld, as
the amount of heat produced is proportiona to the square of the welding current. The
welding current must therefore be carefully adjusted: too high acurrent resultsin aweld
with poor strength, with too great a crater depression, spatter and somedistortion. It also
meansthat the electrodesare worn unnecessarily. Too low acurrent, on the other hand,
also producesaweld of limited strength, but thistimewith too small aweld area.

Squeeze time is the time needed to build up the clamping force. It varies with the
thicknessof the metal and with the closenessof thefit, and isal so affected by the design
of the electrode jaws.

The clamping force is the force with which the el ectrodes press the sheetstogether
(kN). It isimportant that this should be carefully controlled, astoo low a clampingforce
resultsin a high contact resistance, accompanied by spatter and resulting in a poor weld
strength, whiletoo high aforce resultsin too small aweld, again with poor strength, but
accompanied by unnecessary wear on the el ectrodesand too great a crater depression.

Welding time is the time for which current flows through the workpiece, and is
measured in cycles, i.e. during which alternating current passes through one cycle. In
Europe, the mainsfrequency is 50 Hz, which meansthat onecycle takes1/50=0.02 s.

Hold time is the time from when the current is interrupted until the clamping force
can be released. The plates must be held together until the weld pool has solidified, so
that the joint can be moved or the el ectrodesmoved to the next wel ding position.

The electrode area determinesthe size of the areathrough which thewelding current
passes, i.e. the current density. Theelectrodediameter (d) is determinedin relation to the
thicknessof the metal (t)from the following formula:

d =5

When welding high-strength steels, a factor of 5 in the formula can suitably be
increased to about 6-8.

Tolerance box

The area in the diagram within which an acceptable spot weld can be produced is
referred to asthe tolerance box or weldability lobe. Too high acurrent resultsin spatter,
whiletoo low acurrent, or too short awelding time, resultsin an inadequate, or even no,
weld nugget.
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Nelding time

Spatter

Incomplete
weld

Welding current

Figure 8.2 Weldability |obe where acceptable spot welding can be obtained.

Seam welding

Seam welding is used in the same way as spot welding, and operates on essentialy the
same principle. The difference is that two wheel-shaped electrodes are used, rolling
along (and usually feeding) the workpiece.

SALELLA I A LLL TP TIIIII 7
LA IS LTI

Figure 8.3 Principle of seamwelding.

The two wheels should be of the same size, in order to prevent the part from being
deflected towardsone of them. Theactual contact profilecan be designed in a number of
ways, in order to suit the shape of the part to be welded. The current may flow continu-
ously whilewelding is being carried out, or intermittentlyto produce a seriesof spots, so
closely positioned as to produce a single, continuousweld. An unavoidable problem of
seam welding isthat some of the current 'leaks through the compl eted weld.

As the electrode rollers rotate, they do not need to be lifted between each spot, as
with spot welding. If the weld does not have to be continuous, seam welding can be used
thereforeto position spots some regular distancefrom each other, which can be carried
out quicker than ordinary spot welding.

Projection welding

Aswith seam welding and spot welding, projectionwelding is used to join two overlap-
ping sheetsof relatively thin metal. The processinvolves pressing a number of 'dimples
in one of the plates, welding the two platestogether at the sametime.
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Figure 8.4 Principle ofprojection welding.

The method can also be used for welding meta sheet to the ends of bars, rods or
pipes, or for welding nutsto sheets. Wire grids (i.e. the crossing pointsof the wires) are
also particularly suitable for projectionwelding.

An advantage of the process, relative to spot welding, is that there is less wear and
tear on the electrodesdue to the greater contact area.

Resistance butt welding

Resistance butt welding is used for end-to-end welding of rods or wires, e.g. when
welding wire baskets, shopping trolleys or wire racksfor use in ovens. The ends of the
material are pressed together and a current is passed through them: the temperature
acrossthe contact resistancebecomesso high that the metal softensto a plastic state and
the two partscan be joined together.

Butt welding can be used for welding steel, copper, duminiumand itsalloys, aswell
as for gold, silver and zinc. The maximum contact area is usualy stated to be about

150 mm?  the upward limit is determined by the ability of the welding machine to
ensure even distribution of the heat acrossall partsof the joint. The lower limit is deter-
mined by the purely practical ability of handlingthe material: for steel wire, the smallest
sizeisgenerally regarded as being about 0.2 rrmdiameter.

- | 4=
LI - L1
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Figure 8.5 Resistancebutt welding.

Flash welding

As with butt welding, flash welding is a method in which the ends of the workpiece are
pressed together and welded. It is used for welding thicker workpieces such as heavy
anchor chain, railsand pipes.

The process starts by preheating the components, by moving the parts forwardsand
backwards, into and out of contact with each other a number of times, while current is
passing, so that the contact pointsheat up and heat the body of the metal behind them.
When thetemperatureis sufficiently high, thisisfollowed by the next stage, of flashing.
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The parts are dowly brought together and pressed firmly in contact, which causes rapid
melting and gasification, with spectacular g ection of molten materia in arain of sparks.
The molten metal of the two surfacesjoins, and the process continues with application of
forging pressure so that molten material and any trapped oxides or contamination are
pressed out of the joint into a surrounding collar or upset.

TABLE 8.1 Examples of applications for a number of resistance welding methods.

Item Welding method
Spot Projec- | Seam Flash
tion

Stainless steel sinks R \

Wire meshes. storage trays etc. . !

Furniture parts, chairs. tables °

Pipes, sleeves, nipples .

Lockers

'
Tools, drills l .
H
!
|
|

Topsand bottoms of tanks

Vehicle bodies ° ‘

Differential casings .

Silencers ° ° '

Pipes and sectionsto be joined perpendicularly .

Rails

Chain

Substantial girders

Equipment
Machines used for resistance welding must perform the three stagesof the process:

I. Clamping or pressing together the workpieces with a certain mechanical force and
holding them in the correct position.

2. Passing the necessary current through the workpiece.
3. Controlling the welding time as required.

Resistance welding equipment is aso relatively expensive, and specialised for a
particular type of use. As a result, the proportion of total cost accounted in relation to
equipment cost is much higher than with arc welding.

Therearetwo different typesof machines, depending on the arrangement of the el ec-
trodearms. swinging arm machines, in which the upper aam is carried by a bearing in
theframe, and guide rail machines, in whichthe upper electrodeis controlled linearly by
a pneumatic cylinder, as shownin Figure 8.6.
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Figure8.6 Sningarm and guiderail resistancewelding machines.

It is important that the electrode arms are capable of moving quickly to accom-
modate the movement as the workpiece softensin the heat and movestogether: if not,
thereisarisk of spatter fromthe weld. A mechanical or pneumatic spring can maintaina
pressure on the electrode asthe material 'collapses, thusreducingthe risk of splatter.

The size of a machine depends primarily on the size and shape of the items to be
welded. Thismeansthat, althoughthe length of the projecting armsdependson the size
of theitem to be welded, the arms should not be longer than necessary, bearing in mind
the electrical reactance of the loop enclosed by the arms, i.e. the areaenclosed by the
arms and the frame. (This applies, of course, only when welding with aternating
current.) A large window area makesit possibleto weld larger items, but also increases
the reactiveimpedance. For this reason, the arms on most resistance welding machines
are adjustable, although thisdoes not apply for projection welding.

A tap-changer on the welding transformer providescoarse control of the voltageand
current. Fine control is then provided by the thyristor contactor which controls the
switching of the welding current.

DC welding
DC welding machines, with arectifier onthe secondary side of thetransformer, are more
expensive but are immune to inductive voltage drop. They are also suitable for three-
phase supplies, which providesa more balanced load on the mains and allows higher
powers to be taken. It is nowadays also common to provide a DC supply using a
medium-frequency inverter. The principlefor thisis the sasme asthat for inverters used
for arc welding: see Page 18. Resistance welding uses a medium/high frequency of
about 1 4 kHz. Thisreducesthe size of thetransformer and providesmore rapid control
of the current and so better control of the welding process. Electrode wear is al'so some-
what reduced.

AsaDC welding machine doesnot suffer from reactivevoltage drop, the total power
demand from the mainsis reduced.

8.2 Friction welding

Friction welding does not involve complete melting of the joint surfaces. The surfaces
are heated up and affected in various ways by pressure and friction, with the welding
process itself being somewhat similar to that of forge welding. The method has been
used for more than 30 years. It is very suitable for certain applications, particularly
where at least one of the partsis rotationally symmetrical. Traditionally, the necessary
friction has been generated by relative movement between the workpiece parts, athough
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in recent yearsthe technology has been further developed so that the necessary friction-
generating motion can be applied by an externa tool.

Friction welding by rotation of one part of the workpiece

Thisisthetype of frictionweldingthat has hitherto been the most widely used. One part
is rotated and pressed againgt the other, producing a weld through simultaneous heat
generation and plastic deformation, as shown in Figure 8.7. In other words, the energy
input is purely mechanica. Parametersof importanceare the speed of rotation, the pres-
sureand thetimefor which the part isrotated.

Rotating motor Workpiece Hydraulic cylinder
1 % vA T
Iy A St

Z, :

i

Figure 8.7 Frictionwelding, with the motor driving one part of theworkpieceat a
controlled speed while the two ﬁartsare pressedtogether. After apreset time, when the
necessary amount of frictional heat has been devel oped, the drive is disengaged and
rotation stops.

The method is usually used for two rotationally symmetrical bodies, e.g. bar to bar,
pipe to pipe, flanges or endpieces. However, there is nothing to prevent one of the
surfacesfrom beingflat.

The welding process produces a collar of material that is pressed out of the joint,
removingany surface contamination so that the joint i s homogenous and defect-free.

Figure 8.8 Section through apiction-welded bar.

Friction surfacing
Surfaces can be cladded using the friction welding principle. This involvesa round bar
of consumablematerial sthat i srotated while being pressed against, and moved over, the
workpiece surface. The processis very suitable for welding different combinations of
materials. austenitic stainlesssteel can, for example, be appliedto ordinary carbon stedl.
Trials of this method have also been used for making welded joints. One method
involves applying filler materia into a continuousjoint between two sheets of not too
thick material. If the materia isthicker, holescan bedrilled in it which can then befilled
by arotating filler bar.
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Friction stir welding

Frictionstir welding is an interesting development of earlier friction welding methods.
The two parts of the workpiece are clamped in a butt joint against a solid support.
Weldingis carried out with atool similar to amilling cutter, but with the differencethat
no metal isactually cut: instead, thefriction of the rotating tool against the workpieceis
sufficientto soften the metal without actually melting it. A collar onthetool preventsthe
softened metal from being displaced upwards, with the result that both the underside and
top of thejoint are very smaooth.

A disadvantage is that a hole is left in the position in which tool travel stops.
Welding speed is comparable with that of other methods.

Frictionstir welding is particularly suitable for welding aluminium, e.g. for making
longitudinal welds along auminium extrusions. It is also possible to use with certain
other materials, such as copper, titanium, lead, zinc and magnesium. Trials of welding
plasticshave also been carried out.

The processusesarotating tool, with apinthat penetratesalmost completely through
the workpiece. The joint is a gap-free butt joint, and requires no special joint prepa-
ration. The workpiece must, however, be firmly clamped, as high pressureis generated
asthe tool passes. Thisalso appliesto the root face if full weld penetrationis required.
The method is similar to that of milling, except that no material is cut: instead, it is
pressed past the rotating pin and fills the gap completely behind it. Friction and the
'stirring' effect rai se the temperature sufficiently to soften the meta without melting it.
The shape of the rotating tool is designed so that it pressesdown the weld convexity so
that it remainsleve with the original surface.
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Figure8.9 Friction stir welding,

Materialsthicker than about 25 mm are most often welded from both sides.

The welding speed depends on the thickness and type of material: 15mm
aluminium, for example, can be welded at a longitudinal speed of about 180 mm/min,
while 5 mm thick material can be welded at a linear speed of up to 3000 mm/min (Al
6082).

Special features of the method are asfollows:

+ Thequality of the joint is good and reproducible. The root face can be so good that
the weld isamost invisible, while the top is essentially smooth, but with a puddied
surfaceeffect left by thetool.

- With alow heat input, thereis very little thermal stressor distortion.
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+ Mechanical propertiesare better preserved compared to arc welding. A hardnessdrop
of just 10-20 % has been measured.

«  FSW may be used also for aloysthat are crack sensitive when they are welded with
normal fusion welding processes.

+ No visibleradiation, noise or smoke generation.
» Nofiller materialsrequired.
+ Production rate is comparablewith that of other methods.

Good profitability due to very little need for preparation or subsegquent processing.
No consumptionof filler materials.

Welding can be carried out in the same milling machineor multi-operationmachine,
using the same clamping asfor other operations.

+ The formation of a hole from the tool where it stops can be a disadvantage. The
problem of producing an invisibleterminationhas not been solved.

+ Heavy and powerful fixtures are needed to keep the parts of the workpiece together
and pressed to the backing plate.

8.3 High-frequency welding

Thismethod of welding could be regarded as a form of resistancewelding, asthe heat is
created by resistiveheating of a currentinduced in the workpiece. The use of avery high
frequency, e.g. 400 kHz, concentrates the current close to the surface of the material,
known as skin effect, or in parts of the workpiece close to a current-carryingconductor,
known as proximity effect. This providesa means by which heating can be restrictedto,
or concentratedin, those parts of the surfacesto be welded together, with the final weld
being made by pressing the partstogether.

Current can be supplied to the workpiece by contact blocks or diding shoes. Thefast,
concentrated heating provides a high rate of welding, with low heat input and little
conductionof heat to other parts. An interesting applicationis that of longitudinal seam
welding of pipes, for which welding rates of 30-100 m/min can be achieved, depending
on thethicknessof the material and the power input.

Induction welding

Inductionwelding isaform of high-frequency welding in which the currentisinduced in
the workpiece by a coil, through which the high-frequency current flows, positioned
closeto or around the workpiece.

8.4 Ultrasonic welding

Ultrasonic welding bonds the workpiece parts together by vibrating them against each
other at high frequency under pressure. To some extent, the equipment used for thisis
similar to that used for resistancewelding, except that it is vibration, rather than electric
current, that providesthe energy input to the workpiece.

Ultrasonic welding is suitablefor thin sheet, filmsor wires. Partsto bejoined should
preferably be fairly small: at least one of them - the one that will be made to vibrate -
should not be more than afew millimetresin size. An exampleof the use of this method
is that of making electrical connectionsin aluminium or copper. Very thin conductors
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can aso beweldedin thisway. The particular advantage of this method when using it to
weld itemsin sensitive electronic equipment isthat it producesvery little heat.

A layer of oxide, or even of insulation, need not prevent a good connection.
However, the surfaces should be thoroughly degreased, as grease acts as a lubricant and
degradesthe quality.

Equipment

Supported against a solid base, the parts to be welded are pressed together by the tool
that transfers the vibration. An electromechanical ultrasonic head operates at a
frequency in the range 20-50 kHz, with an amplitude of only a few hundredths of a
millimetre.

8.5 Explosion welding

Explosion welding develops an extremely high pressurefor a short time. The surfacesto
be joined are brought together at very high speed, such that the impact energy plasticise
them and produces a good welded bond. The amount of heat developed is modest. As
opposed to other processes, such as those involving melting of the materials, thereis no
(or only aninsignificant) melt zonein which materialsfrom the two piecescan be mixed
or can chemically react with each other. The method is often used for a combination of
materiasthat are difficult to join using other methods. An example of such an applica-
tion is the bonding of aluminium sections to steel, on which it is then possible to use
ordinary welding methods to build further in aluminium, e.g. the superstructure of a
vessel, made of aluminium, on a steel hull. Another suitable application isfor the manu-
facture of compound plate, in which a baseplate is plated with a sheet or plate of another
metd, as shownin Figure8.10.

— Detonation front

e Explosive
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Figure8.10 Applyingplating to a billet by explosionwelding. (Nitro Metall AB)

Explosion welding of larger pieces must be performed at specially designated sites.
The method is used primarily for preparing blanksor billets, although it can also be used
for such applications asjoining pipes or securing tubesin tubeplates.

o

ure8 11 M|crophotograph Of an explosveweldedjomt in unalloyed steel.
(Ng Metall AB)
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8.6 Magnetic pulse welding

Magnetic pulse welding (MPW) has made its appearancein recent years. Its closest rela-
tiveis explosion welding but, instead of an explosive, an extremely powerful magnetic
pulse is used. In comparison with explosion welding, important advantages include a
low noise level and an ability to make further welds with little time for preparation or
setting up between them.

The principle involves discharging a high-capacitance capacitor through a coil
surrounding the parts to be welded. Two pipes, for example, can be inserted into each
other to form an overlap joint, see Figure 8.12. The high current generates a brief
(<0.1 ms) but extremely powerful magnetic field, which creates a repulsive force,
pressing the outer part towardsthe inner one.

Charge Discharge
switch switch

|
|
|
" " | /
]
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Bank of
capacitors

oil

Figure 8.12 The principle of magnetic pulse welding.

The discharge current can amount to several million ampere, from capacitorsthat can
at present be charged to potentialsup to 10 kV. Thecoil isuniquefor each part, whilethe
sizeof the power source dependson the energy required for each joint and the number of
jointsper unit time. Theelectrical conductivity of the material, the size of the workpiece
and the overlap of the joint are al decisive for determining the energy requirement.
Copper and auminium require less energy than steel. The parts do not need to be
circular: other shapescan bejoined. In addition to welding, the method can be used for:

+ Forming

« Cadlibration
+  Crimping
» Punching

It is perfectly possible to weld different materias, e.g. copper to aluminium,
aluminiumto stedl etc. The method hasthe following benefits:

« A cold process
- Contactless
« Highprecison
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+  Extremdy fast
+  Cost-efficient

Although magnetic pulse welding has some similaritieswith explosion welding, the
bonds are made with a low noise level. The magnetic field outside the coil is not
regarded as dangerous, as exposureis very short and the field strength declines with the
sguare of the distance; in other words, very rapidly with increasing distance.

The process is best suited for volume production, as the coils need to be custom-
made to suit the parts to be welded, and therefore represent a relatively high cost. The
processisat present being evaluated with considerableinterest by industries such asthe
automotive and white goods industries. The electrical industry, too, with its need to
make many electrical contacts, will probably become a mgjor user of the process.

8.7 Cold pressure welding

Most welding methodsinvolve the use either of heat alone (fusion welding) or acombi-
nation of heat and pressure. Cold pressure welding is an example of a welding method
that is carried out entirely without heating. The principle involves pressing the parts of
the workpiece together with such force that plastic deformation causes any residua
oxide layersto be pressed out and a metallic bond to be made. The method is very suit-
ablefor use with copper and aluminium, and is often used for electrical connections. An
example is the connection termina of copper which can be cold pressure-welded to
aluminium conductors. This isan application for which fusion welding is definitely not
suitable, asit formsa brittle intermetallic compound with unacceptably low strength.

Grease and oxides must be removed from the surfaces immediately before welding,
e.g. by wire brushing. The thin layer of grease applied by touching with the fingersis
sufficient to prevent the necessarily intimate contact between the workpieces. However,
aluminium can be successfully welded with itsoxidelayer onthe surface: asitishbirittle,
the substantial plastic deformation breaksit apart.

Weldscan be made as butt weldsor as overlap joints.

8.8 Diffusion welding

Diffusion welding is a method of joining surfaces to each other without melting and
without deformation. The process is carried out under vacuum or in a protective gas
amosphere, with the applicationof high pressureand temperature over arelatively long
period of time. Provided that the surfaces are clean, flat and accurately machined, large
areas can be bonded in thisway. A disc of tool steel, for example, with integral cooling
passages, can be produced by welding a cover disc to another disc in which the neces-
sary channels have been machined.

Diffusion welding can be used for many materials, including the joining of different
typesof metalsand also the bonding of metalsto non-metals. However, resultsare often
improved by incorporating an intermediate layer between the two outer different layers.
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9 Other methods of welding

9.1 Electroslag welding

Description

Electroslagwelding is a mechanised method of making vertical and near-vertical welds,
with a maximum slope of 15° from the vertical. It isintended for welding very thick
materials(40 mm and up), althoughit can aso be used for thinner materials.

Q
O

Slag
Motten pool

Water cooled
slide backing

Figure 9.1 Electroslag welding.

The process is started by striking an arc between the electrode and the workpiece.
Flux isfed into the joint, and meltsto form a bath of slag that increasesin depth as more
flux isadded. When the temperatureof the slag, and thusalsoitselectrical conductivity,
has increased sufficiently, the arc is short-circuited and the current is carried by the
molten dag, maintaining its temperatureby resistiveheating.

The molten meta is prevented from escaping from the joint by water-cooled copper
shoes, which may be fixed or arranged to travel with the welding head. The weld is
formed between them and the surfacesof the joint. The welding head movesup the joint
as welding progresses. One or more filler wires may be used, depending on the
thicknessof theplate. If the materia isvery thick, the welding head may weave.

The benefitsof the method include:
+ High productivity
- Low cost for joint preparation
« Single pass, regardlessof the platethickness
- No angular deformationwhen making butt joints
- Littletransverse shrinkage
Littlerisk of hydrogen embrittlement.
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A drawback of the method is that the high heat input means that the weld and HAZ
cool only slowly, thusallowingtimefor substantial grain growth inthe HAZ. Thebasic
material has insufficient toughness in the HAZ to meet the requirements on welded
structuresin respect of impact strength.

Electroslag welding with consumableguide

Thefiller wirein thisversion of electroslagwelding is guided into the weld pool through
a tube that melts and contributesto the filler material as welding proceeds. The tube
may be coated, to provide slag to keep the depth of the slag pool constant. The advan-
tageof thismethod isthe welding head can be fixed, with the length (height) of theweld
being determined by the length of the tube, which can be up to a metre long.

9.2 Electrogas welding

Electrogas welding is a development of electroslag welding, to which it is similar in
terms of arrangement and use. However, shielding gas (as in MIG/MAG welding) is
used instead of a pool of slag to protect the weld, and arc hesat is used to melt the filler
wire, rather than resistanceheat. It isused for platethicknessesin the range 12-100 mm,
with aweaving motion for the greater thicknesses. Joint preparationis generaly in the
form of asimplel-joint and gap, although V-jointsare also used. Overall process costs
are considerably cheaper than manua MIG/MAG welding for making vertical jointsin
itemssuch aslargetanks.

As with other gas metal arc processes, both solid and hollow wire el ectrodes can be
used. The same types of shielding gasesare also used. In comparison with electroslag
welding, electrogaswelding producesa smaller heat-affected zone and somewhat better
toughness. A long filler wire stickout can be beneficial, as it allows a higher welding
speed, meltsless of the workpiecemateria and resultsin lessoverall heating.

9.3 Stud welding

Stud welding is the common name of severd different methods of securing bolts, studs
etc. toaworkpiece. Compared with processessuch asdrilling and tapping, it isfast and
simple. The commonest method is briefly but intensively to heat the parts by means of
an arc, melting the surfacesto be joined, and then pressing the bolt or stud into position
with a special welding gun. Stedl bolts or studs up to about 25 mm diameter can be
welded in thisway. The processcan also be used for stainless steel, copper and brass
items. aluminium can be welded using the capacitor discharge method.

Equipment

In addition to the stud welding gun, the process requires a suitable power unit and
control equipment for striking the arc and controllingthe variousoperations. The power
unit can be of conventional type, or consist of a group of capacitors which, after
charging, provide a very fast discharge. Stud welding is straightforward for use as a
manual process, and can a'so be easily mechanised, e.g. for robot welding.
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Positioning Ignition Stud is Ready
pressed down

Figure 9.'2 Stud welding by tHe capacitor method

Capacitor Dischargewelding (CD) welds studswith asmall 'pip' on the head, which
burns away and ignitesthe arc. Arc duration is very short, of the order of only a few
milliseconds. The method is very suitable for welding on to thin metd, asthereislittle
spread of heat to the surrounding metal, which meansthat the surfacefinish or treatment
on the reversesideis not destroyed. The welding timeis 2-5 ms, and studs up to 8 mm
diameter can be welded.

Conventional power unitsare suitablefor bigger studs. Thearc method strikesthearc
by touching the stud against the workpiece and then lifting it. When the surfaces have
been sufficiently melted, the stud is pressed against the metal. A ceramic ring is posi-
tioned around the stud, serving the dual purposeof containingthe melt and protectingthe
process. Shidlding gas can aso be used. The minimum plate thicknessis ¥ of the stud
diameter, and welding time is about 0.1-2.0 seconds. The surface of the metal does not
need to be clean.

Positioning Ignition Stud is Ready
pressed down

4
7
4"01!::.«,““(!;

Figure 9.3 The arc method.

A variant of the arc method is the short cycle method. The welding time is shorter,
generally less than 0.1 second, and the method can be used both with and without a
ceramic ring and/or shielding gas. The sheet can be thinner in proportionto the diameter
of the stud (down to 1:8), and the processis not sensitive to the surface coating on the
shedt, e.g. galvanizing, grease or mill scale.

9.4 Laser welding

Laser light possesses several unique properties, among which are the fact that it is
parallel and highly concentrated. It can therefore be conducted, by mirrors or glass
fibres, to awelding positionthat is remotefrom the power unit. It isalso monochromatic,
i.e. a asingledefinitewavelength, which depends on the type of laser used.
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Description

Thelaser beamisfocused by alensor mirrorsinto a point only afew tenthsof amm in
diameter in order to provide a high energy density. Thefocuspointisarranged tofall on,
or dightly beow, the surface of the workpiece. The materid immediatedly melts, with
some even being vaporised. The vaporised metd in the hole forms a plasma which,
being a good absorber of the incident light, further improves energy aosorptionand so
efficiency of the process. See Figure 94. Shielding gas is used, to prevent air from
reacting with the material and to protect the lensfrom spatter and vapour.

Assoonasthe beam has moved on, and the heat input hasbeeninterrupted, the metal
solidifiesfast, asthe heated zone is smdl. Asaresult, the size of the heat-affected zone
isaso amdl, and distortion is negligible. The penetration of the weld depends on the
laser output power. No filler material sare used, except for hybrid welding (see bd ow).

Oneof themain applicationareasfor laser welding isthe automotiveindustry, which
wedds relatively thin sheet. More powerful lasers increasethe penetration, and trias of
laser welding are being carried out in shipyards.

Laser beam

Figure9.4 Penetration of a laser welding beam.

The laser produces deep, narrow penetration. Thisis achieved by keyhole welding
methods (seeal so Page 38), which ensure compl ete penetration. Welding speed depends
on the laser power, and can be high whenthi n materialsare being welded: up to 10-50
m/min, and even 100 m/min when welding foils. Laser welding is, in other words, fast:
about twiceasfast asplasmawe ding and eight timesfaster than TIG we ding. Pore-free
high-strength welds, excellent dimensond tolerancesand high productivity make the
method superior to most othersin many applications. In addition, laser welding is clean
and quiet.

A drawback of laser welding isthat the low width/depth ratio of the weld geometry
can result in thermal cracking. In addition, hardening steels can be locdly hardened by
the rapid rate of cooling. As the laser beam is only a few tenths of a millimetre in
diameter, it meansthat the method is tolerance-sensitive, and therefore requires highly
accurate jigs and fixtures. However, thinner materials can often be overlap-weded,
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which reduces the accuracy requirements. Investment costs are high, but prices are
coming down and laser welding can be expected to be much more widely used in the
future.

Laser welding is often used for welding materials that can accept only a low heat
input, e.g. certain stainlesssteels and hardened materials, or for welding componentsin
the eectronics industry. The method also used where complicated parts require high
precision, e.g. in the automotive, general engineering and aerospace industries.

Equipment

The commonest types of welding lasers are the CO, laser and the Nd:YAG laser, with

the latter tending to be used for thinner materials and the former for thicker. The laser
beam may be either pulsed or continuous.

The CO, laser

The CO, laser generatesits light in a tube through which a mixture of gases (including
CO,) flows, producing a wavelength of 10.6 um. The energy input is by means of an
el ectricdischarge through the gas. It can produce a high power output, and so is popular
for welding and cutting applications. Thelight is usually conveyed to the welding head
and focused by mirrors. A shielding gas (often helium or an argow/helium mixture) is
used to protect the lens and the weld: it helpsto limit the amount of energy-absorbing
plasmaformed above the surface of the joint. In this respect, helium isto be preferred,
dueto itshighionisation energy.

CO, lasers available today have much higher powers than Nd:YAG lasers. As
welding speed is proportional to output power, CO, lasers can weld more quickly. Alter-
natively, the higher power means that CO, lasers can weld plate up to 26 mm thick.
However, one problem is that a considerable portion of the beam energy is reflected by
certain materias: different wavelengths are absorbed to different extents, which means
that the light from CO, lasersis reflected more readily than that from YAG lasers. This
is particularly noticeable when welding materials such as duminium or magnesium
aloys. Gold, silver and copper are aso difficult to weld with CO, lasers.

The Nd:YAG laser

The active substancein thislaser is neodymium, in the form of a dopant in a transparent
rod of yttrium aluminium garnet. Energy is supplied by a flash tube, of the same prin-
cipa as used in cameras. The light output wavelength is 1.06 um, i.e. considerably
shorter than that of the CO, laser, but still within the invisible infra-red section of the
spectrum. An important difference is that the shorter wavelength enablesthe light to be
carried by fibre optics and focused with ordinary lenses. This gives substantia practical
benefitsand makesit possibleto use the laser for robot welding.

Problems due to the presence of absorbing plasma are less when welding with
Nd:YAG lasers, and so argon and argon/CO, gas mixtures can be used. Acceptable
results can even be obtained without shielding gas when welding spot welds or at low
powers.

This type of laser is particularly suitable for welding otherwise difficult materids
such as tantalum, titanium, zirconium, Inconel etc. Itsdrawback isthat it is not available
with such high power outputs as is the CO, laser, and so tends to be limited to metal
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thicknessesup to 6 mm. However, development is increasing the outputs available: in
combinationwith the ability to use fibre optic light conductors, this makesthis type of
laser potentially very attractive.

Diode lasers

High-power lasersare bulky, very expensiveand often have very poor efficiency. Laser
diodesoffer an interesting alternativeto them. Theseare, in principle, the same asthose
fitted in every CD player. By grouping a large number of them, it is possibleto produce
sufficient laser light power to weld thin meta. However, they are still expensive, with
poor beam quality, i.e. it isdifficultto concentratethe beam sufficiently.

Protection

A pair of ordinary glassesis sufficient to absorb the radiation from a CO, laser and to
protect the corneafrom being damaged by the beam. However, thelight from aNd: YAG
laser requiresspecial protective goggles, as even the reflected light from the workpiece
can damage both the cornea and the retina, as well as cause cataracts in the eye's
vitreous body. Thisis because the lens of the eye focuses the light on the retina. Even
with protectivegoggles, it is thereforedangerousto look hard (i.e. other than fleetingly)
a anythinginthevicinity of aNd:YAG laser beam whileweldingisin progress.

Claddin

The weargrmi stanceand corrosion resistanceof surfacescan be improved by applying a
suitable cladding layer to them, either in small local areas or over the entire part. The
method can be used both for new manufactureand for repairs, wherever an appropriate
surfacecladding is required. It producesathinlayer of pore-freeweld metal, with agood
surfacefinish and little mixing with the substrate material.

Less energy is required than for other cladding methods, which meansthat thereis
less thermal distortion and a more finely grained structure. The cladding materid is
usually in theform of aflux bed, but it can theoretically be applied in the form of wire,
foil, chips etc. Welding is carried out under a shielding gas to prevent the formation of
oxides.

Hybrid welding

Hybrid welding refersto a combination of two welding methods, usually laser welding
and an arc welding method such as MIG or plasma welding. Combining a laser with
MIG/MAG welding, which wire provides molten material that fills the joint and thus
reduces the requirementsfor exact positioning of the two partsthat would otherwise be
required for laser welding alone. In addition, when welding fillet joints, this combination
providesreinforcementof thejoint.

Thisalso reducestherisk of undercutting, which can easily occur with laser welding,
and which unfortunately seriously reduces fatigue strength. However, in comparison
with ordinary MIG/MAG welding, the welding speed is considerably higher, due to use
of the laser.
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Laser beam

Figure 9.5 Principledf laser/MIG hybridwelding.

The method is suitable for making both butt and fillet joints, and is most used for
welding plate of 10 mm and thicker. Instead of filler wire, powder can be used,
producingexcellent joints. Thisinvolvesthe use of an electromagneticjig that produces
amagneticfield to ensurethat the powder reachesright down intothejoint.

9.5 Electron beam welding

Description

Electron beam welding uses a very high-energy electron beam to produce deep, narrow
penetration. The electron beam hasa higher energy content than a laser beam, andisalso
smaller. Penetration is also deeper for a given power, and the overall efficiency of the
energy conversion process frem input electricity to output beam power is also much
higher. Important characteristics include the high energy density, which makes it
possibleto melt the gap betweentwo parts without problemsof distortion.

Weding hasto be performedin a vacuum, as the electron beam is absorbed by air.
This complicates the process when changing the workpiece. On the other hand, the
absenceof air is good for the welding process, as there can be no reactions between air
and the meta of theweld or workpiece.

Electron beam weldingis used for advanced materialsand complicated, critical parts
such as, for example, turbine rotors, but can also be suitable and economic for many
simpler processes involving large production runs. It is very suitable for butt welding
materialsof different thicknesses, but is particul arly competitivefor welding thick mate-
rials, up to 250 mm.

Equipment

The electron gun (see Figure 9.6), is supplied from a high-voltage power source (30-
175kV), but at a low current (lessthan 1 A). The electrons are accelerated from the
anode and are focused and deflected by magnetic coilsin a manner similar to that used
for television or computer screens.
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Figure 9.6 The electron gun.

The electron beam requires a vacuum, and so welding is carried out in a vacuum
chamber. This normally requires the chamber to be opened to load or change a work-
piece, after which it must the air must be evacuated by a high-vacuum pump. However,
various designsthat use forms of air locks for the loading and unloading of materials
have been developed to deal with smaller itemsor (for example) strip materials.

When the €l ectron beam meetsthe workpiece, it producesa secondary emission of x-
rays, and so the vacuum chamber also provides protection against this radiation.

Welding is normaly performed by traversing or rotating the workpiece by program-
mable control, with the electron beam stationary. Particular attention must be paid to
maintaining appropriate accuracy, bearing in mind the sizes of the narrow beam and of
thejoint. However, the beam can be deflected to make it sweep back and forth acrossthe
joint (which affectspenetration) or for joint tracking.

Although the electron gun itsdlf requireshigh vacuum, the vacuum in the rest of the
chamber does not need to be quite so high. The electron beam can even travel a short
distance in air, but is quickly absorbed and scattered, which limits penetration. In
addition, if welding is performed outside the vacuum chamber, protection must be
provided against x-raysin some other manner.

The welding method

As with laser welding, electron beam welding is a method involving high energy
density, which producesthe following characterigtics:

+  Weds are normaly made as butt welds. Very deep penetration can be achieved by
the electron beam.

Weldsare narrow, with a high penetration/depth ratio.
« Joint preparation must be carefully performed, ensuring accurate positioning.
+  Careful control of the beamtrack along thejoint is essential.
+ Productivity can be highin relation to conventional methods.
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« Heatinput islow in absoluteterms, resultingin low residual stressesand little distor-
tion of the workpiece. Reproducibility and tolerancesar e also good, as the methodis
mechanised.

. Many otherwisedifficult materialsand material combinationscan be welded.
. Themethod is perfect for sealing vacuum chambers.

It may be necessary to demagneti se magnetic materials before welding them, as the
magneticfield could otherwise deflect the el ectron beam.

9.6 Thermite welding

The energy sourceof thismethodisthe heat released by chemical reductionof ametalic
oxide. This meansthat welding is performed by a chemical reaction, without any input
of external energy (apart from that required to start the reaction).

The partsto be welded are positionedin amould, asshown in Figure 9.7, specificaly
intended and shaped for them. The welding powder, known as thermite, and consisting
of a metal oxide, such as iron oxide, mixed with auminium powder, is loaded into a
compartment above the workpiece.

Thermite

Steel washer

Mould

Figure 9.7 A mould set upfor thermite welding.

As aluminium has a much higher dfirity for oxygen than does iron, an exothermic
reaction occurs:

Iron oxide+ aluminium=> Iron + duminium oxide+ heat

The powder is ignited by a spark, resulting in the oxide being reduced, a large
amount of heat being released and the iron melting. The very high-temperature melt,
consisting of molten iron at about 2 500 °C, runsdown into the mould, melts the joint
surfacesand formsawelded joint with the workpiece.

The processis commonly used for joining rails, using a thermite mix consisting of
iron oxide and aluminium. Another application is for the joining and connecting of
copper conductors, using a powder consisting of cuprous oxide, aluminiumand tin. This
mixture can also be used to joint copper conductors to steel. A powder for welding
aluminiumisalso available.
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In the literature, thermal cutting processes by gas, plasma or laser are often covered in
conjunction with the corresponding welding methods. This is because amost the same
equipment is used for both processes, and because the methods are often also utilised
together. It is then al so appropriateto take the opportunity to cover competing methods,
such as water jet cutting.

This chapter also describes air carbon arc gouging and oxy-fuel gas flame gouging;
methods which are often closely associated with corresponding welding processes.

10.1 Thermal cutting

Thermal cutting is used considerably in connection with the preparation of parts for
welding. In addition to cutting plates etc., it may aso be necessary to prepare the joints
by bevel-edgingthem. The quality and smoothnessof the resulting cut surface are gener-
aly satisfactory for the purpose, and the methods are easy to mechanise.

Oxy-fuel cutting

Oxy-fuel cutting uses a flammable gas, generally acetylene or propane. Burning the gas
in oxygen, rather than just air, producesa flame with a high temperature. The flamefirst
preheatsthe workpiece: when a sufficiently high temperature has been reached, a jet of
oxygen produces the cut by actually burning the metal. This produces a metal oxide in
the formof liquid slag, whichis blown out of thejoint by the jet of gas.

The flame aso helps to maintain the upper surface of the plate above the ignition
temperatureof the metal while cuttingisin progress, althoughmost of the necessary heat
required for the cutting comes from combustion of the actual material being cut. For
example, when cutting 25 mn steel, about 85 % of the heat comes from combustion of
theiron. In thinner materials, however, a greater proportion of the heat is applied by the
flame.

Equipment

Oxy-fuel cutting can be carried out either manually, using a cuttingtorch, or by machine,
with a numerically-controlledcutter head. In the same way asfor gaswelding, there are
two main types of torch: high-pressure torches and injector torches. The difference
between welding torches and cutting torches is that the latter have a nozzle for the
oxygen cutting jet, generally in the centre of the flame nozzle.

Materials
For successful gas cutting, the materia to be cut must fulfil certain conditions.

- Theoxidemust havea melting point that islower than the melting point of the meta
itself. In the case of iron, the oxidesmelt at about 1400 °C, which is lower than the
1530 °C melting point of low-carboniron. It is the melting temperature of the oxides
that explainswhy stainlesssteel and aluminium are not suitable for gas cutting.
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The ignition temperature of the metal must be lower than its melting point. In the
case of low-carbonsteel, the ignitiontemperatureis about 1050 °C.

« Combustion of the metal must create sufficient heat to maintain combustion.

From this, it follows that it is only low-alloy steels with a carbon content of up to
about 0.3%, that can be cut in the usual way by oxygen burners. In such steel, thick-
nesses up to about 300 mm can be cut by oxy-fuel cutting. Where quality requirements
in respect of thefinished cut are less stringent, very considerabl ethicknessescan be cut,
up to about 3000 mm. At the other end of the scale, below 25 mm, oxy-fuel cuttingisin
competitionwith plasmacutting, which givesahigher rate of cutting, as shownin Figure
10.1.

Other methods of cutting are recommended for cutting stainless steel and cast iron.
However, oxy-fuel cutting can be used to cut these material's, with the use of appropriate
additives.

Gases

Asdescribedin the chapter on gaswelding, acetyl ene has special characteristics, burning
with an intenseflame and a high combustion vel ocity. This high combustion velocity can
be adisadvantageor even adanger, in that the combustion front can migrate backwards,
into the burner nozzle. On the other hand, the hot core of the flame makes the gas suit-
ablefor cutting thinner material's, which can be done with good productivity.

Propane burnswith aflamewith lower heat concentration. Thisthereforespreadsthe
heat more evenly along the cut, which can be an advantage when cutting thicker mate-
rias.

Hydrogenisnot commonly used as afuel gas, althoughinterestin it has been aroused
in recent years through the ability to produce oxygen and hydrogen by hydrolysis of
water. This involvesthe use of electrical energy to dissociate water into its elemental
congtituents, at a rate as needed for cutting. In terms of their thermal characteristics,
hydrogenflamesare similar to propane flames.

Oxygen performsthree dutiesin connectionwith gas cutting. It producesthe heating
flame with the fuel gas; it burns (oxidises) the materid to be cut and it blows the
resulting slag out of the cut. The purity of the oxygenis very important for cutting speed:
99.3-99.7 % purity is common. A reductionof 0.5 percentage points reducesthe cutting
speed by about 10 %.

Plasma cutting

The hot concentrated jet produced by the plasma method, which has previoudy been
describedin connectionwith welding, isvery suitable for cutting. However, as opposed
to gas cutting, which works primarily by burning the material using the oxygen in the
cutting jet, plasmacutting works by melting the material and then blowing the molten
material out of the cut by the pressureof the plasmajet. When used for cutting, the pres-
sure of the plasmagasis higher than as used for welding, and both smoke and noise are
generated, at least when cutting thicker plate. However, this can be considerably reduced
by cutting the metal on a cutting table, with the metd itself under water.

The range of applicationsis wide, although materials of particular interest for this
process are such as stainless steel, aluminium and copper, which cannot be cut by
ordinary oxy-fuel gascutting.
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Equipment
A hand torch can be used for smpler jobs, althoughindustrial productiongenerally uses
numericaly controlled cutting tables, with one or more cutting heads, approximately as
for gas cutting. Noise, visua radiation/arc glare and smoke can be quite intensive, but
can be considerably reduced if the metal to be cut and the plasmanozzle are under water.
The arc electrodeis normally tungsten or tungsten with thorium oxide. However, the
development of electrodescontaining hafnium or zirconium has made it possible also to
use oxidising cutting gases, even to the extent of using ordinary air.

The power unit has a constant current characteristic, as for TIG and plasmawelding,
but must be designed for a much higher voltage. The operating voltage exceeds 100 V,
and the open-circuit voltage can exceed 200V. Specia measures must be taken to
prevent the operator from coming into contact with these dangerousvoltages.

Plasma gases

Pure argon is sometimes used as the pilot gas, in order to ensure reliableignition of the
pilot arc. (Thepilot arc is struck before the cutting operation starts, but is not transferred
to the workpiece, i.e. it strikes between the central electrodeand the plasmanozzle.)

The cutting gas needsto have good heat transfer properties. pure nitrogen, mixtures
of argon/hydrogen, nitrogen/hydrogen or just compressedair are used.

One way of increasing the cutting speed in low-aloy steelsisto usean oxidisinggas
that providesan active contribution by burning the metal, in the same way as with oxy-
fuel gas cutting. The simplest and cheapest gas, of course, is ordinary compressed air.
However, this imposes special requirementsin respect of the electrode. As a tungsten
electrodeis attacked by oxygen, a well-cooled hafnium or zirconium electrode must be
used. It must also be accepted that there will be somewhat higher costsfor replacing the
electrodes.
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Figure10.1 Typical cutting speeds for plasma cutting, oxy-fuel gas cutting and laser
cutting.

Properties

Plasma cutting can be the best alternative, even for ordinary low-aloy steel. For thick-
nesses up to about 25 mm, therate of cutting can be considerably faster than that of oxy-
fuel gas cutting, which also meansthat the size of the heat-affected zone is reduced. On
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the other hand, the kerf width is about 15-2 times wider than that produced by gas
cutting. In addition, the surfaces are not completely parallel: the cut is dightly wider at
the top.

New designsof plasmacutters have been developed in order to cure this problem. A
method known as high-toleranceplasma (High-Tolerance Plasma Arc Cutting, HTPAC,
in American literature) has been developed. Its features include a smaller gas nozzle
opening and a narrower cutting jet, with a higher current density. Pure oxygen is used
when cutting low-aloy steel. The resulting characteristics of high-tolerance plasma
cutting are somewhat similar to those of laser cutting. Greater accuracy of control of the
cutting nozzle is required when cutting thin metal, in order to meet the reduced tolerance
requirements. This also includes careful height maintenance above the surface of the
workpiece.

Laser cutting

A laser beam has excellent characteristicsfor cutting: in particular, the precision of the
cut isvery good, and thereisvery littlethermal effect. The method is best suited for rela
tively thin materials, where very high productivity is required. Many non-metallicmate-
rialscan also be cut by laser.

Equipment

The laser light is generated by CO, or Nd:YAG lasers, and has characteristics as
described in the section on laser welding. The laser itself is stationary, and the beam of
light is carried to the cutting head where it isfocused by a lens. The cutting motion may
be two-dimensional or three-dimensional: the Nd:YAG laser is preferable for three-
dimensional control, as it can provide higher output powers and the light can be
conducted through glassfibres, with the cutting head controlled by an industrial robot.

Cutting gas

A cutting gas is supplied to the cutting head together with the focused laser beam, in
order to:

- assist in blowing moltenand vaporised materia out of the cut

- protect thelensfrom spatter

- (depending on the material being cut), either protect the surfaces from oxidation,
through the use of an inert gas, or

« through the use of an oxidising gas, provide an input from combustion heat, thus
improving cutting performance.

When cutting ordinary low-alloy steel, the use of oxygen can increase the cutting
speed by 25-40 %, as compared with the cutting speed using compressed air. High-
purity oxygen (better than 99.7 %) givesthe highest cutting speed.

10.2 Water jet cutting

Water jetsalone (i.e. without any additive materialsin the water) can be used for cutting
soft or porous materials. When cutting metals or hard materials, such as glass or stone,
abrasive water jet cutting is used, with sand being an additivein thejet.
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The unique feature of water jet cutting is that there is no thermal effect on the
material, thus eliminating any therma or mechanica stresses that could affect the
results. This means that, although the cutting speed may be lower than that of certain
competing methods, time can be saved overall through elimination of the need for any
subsequent treatment. The quality of the cut is good, when compared with the results
produced by therma methods. The method isaso suitable for cutting materialsthat can
bedifficultto cut in any other way.

Equipment
An eectricaly driven hydraulic oil pump produces an oil pressure of 150-200 bar. The
oil then drives a high-pressure pump that produces a water pressure of up to 4000 bar.
Thispressureisconvertedin thejet to avery high velocity, of up to about 1000 m/s. The
water jet nozzleis subjected to very high wear, and so thereforeincludesan insert which
isgenerally made from industrial sapphire, to provide an operatinglife of perhapsabout
100 h. The holethrough the sapphireis usually about 0.1-0.3 mm, producing a hair-thin
jet and a cut which is almost equally narrow. The cut produced by abrasive cutting is
somewhat wider, up to about 1.5 mm.

A cutting table is generally used, with a numerically controlled cutting head, as for
therma cutting processes. Industrial robots can aso be used for three-dimensional
cutting.

Materials

Most materials can be cut by water jets. Using water alone, materias such as wood,
paper, felt, foamed plastic etc. can be cut. Abrasivewater jet cutting can deal with metals
suchasstainlesssteel, copper, aluminium and titanium, or with compositessuch asglass
fibre-reinforced plastics or hard materials such as glass, ceramics and natura stone.

Properties

Water jet cutting has generally been employed where other methods are unsuitable. The
cutting speed when cutting steel lessthan 20 mn thick, for example, is only about one-
tenth of the speed that can be achieved by plasma cutting. Metals can be cut at arate of
about 10-30 em?/min, or somewhat morefor soft metals. Thicknesses can be up to about
100 mm. Materials such as glass, plastic, rubber, stone etc. can be cut at rates of about
100-300 cm?/min.

10.3 Thermal gouging

Welding is often accompanied by a need to cut away surplus materia: in such cases,
gouging can be more efficient than grinding when repairing defects in welds or when
cutting a groove to avoid weld defects when the workpieceis to be turned over and the
weld completed from the root side.

Severa of the methods, and particularly those that use an electric arc, create consid-
erable quantities of smoke, so that specia ventilation should be provided when using
them indoors. In addition, asgouging involves melting the material and blowingit away,
the operator should protect himself and the surroundings.
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Oxy-fuel gas flame gouging

This method is based on the same technology as used for gas cutting. It uses a specid
nozzle, which facilitatesworking along the workpiecesurface. It is suitablefor use with
carbon steel and low-alloy steels, in the sameway asis gascutting.

Air carbon arc gouging

This method has also gone under the name of arc air gouging or carbon arc gouging. It
uses approximately the same equipment as for welding with coated electrodes. The
gouging electrode is a copper-plated carbon electrode, used in an electrode holder that
has an outlet for compressed air. The best power unit is one that can provide a high
current and, if possible, also a high short-circuit current, in order to maintainthe correct
arc force. The electrodeis held at an angle to the workpiece and, together with a jet of
compressed air, can removemetal at ahigh rate.

The carbon electrode should be connected to the positive pole of the power unit:
special electrodes are available for use with AC. Electrode diameters from 3 mm to
19 mm are used, depending on the current available and the desired rate of metal
removal.

Manual metal arc gouging

This does not require any equipment other than that as used for welding with coated
electrodes. The electrode, however, is a specia gouging electrode, with a thick coating,
which producesa considerablequantity of gas. Thearcisstruck in the usua manner, and
the electrodeis theninclined at a considerableangleto the work, with thetip pointing in
the direction of travel. It producesa smooth groove, with a high rate of metal removal.
Best performanceis obtained by connecting the electrode to the negative pole or by
using AC.

Plasmaarc gouging

Plasma arc gouging uses the same equipment and gases as for plasma cutting. The
nozzle, however, may incorporate a nozzle for shielding gas. It is held about 20 mm
from the workpiece, at an angle of about 45° to it, and pointing in the direction of travel.
The angle can be changed to vary the width/depth relationshipin the groove.

Compared to air carbon arc there are benefits

- Lessgenerationof fumesand gasesand reduced noise level
- Higher productivity and groovequality

« Norisk of carbon pick-up

+ Suitablealso for non-ferrous metals
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11.1 Cladding to provide a corrosion-resistantlayer

The application of stainless material to a lower dloy stedl is an economic method of
producing reactor pressure vesselsor pressure vesselsfor such applicationsas the chem-
ical industry, where a thick-walled vessel is needed with interna corrosion protection.
There are severa different welding methodsthat can be used:

+ Submerged arc welding using a solid wire electrode, often Twin Arc double wire, or
using aflux cored wire.

« Submergedarc welding using a broad but thin strip electrode.

« Stripelectrode welding with aflux that enablesthe processto be carried out using the
electrodlag principle, i.e. without an arc, but with the heat being generated by resist-
ance heating in the molten dag. See" Electrodagwelding™ on page 93

- Plasmacladding.
« Thermal spraying: see Page 110.

Theam isto achieve a sound weld, but with littlemelting of the underlying material. In
thisrespect, the electrod ag method i s preferableto ordinary submergedarc welding, asit
penetrates|essinto the substrate material and so resultsin less mixing of the weld metal.
Severa of the ordinary submerged arc welding methods can of course be used, but it
may be necessary to apply two or more layers until a sufficiently pure layer of weld
metal is produced.

Cladding is often performed by mechanised methods, asthere are often larger areasto be
covered.

11.2 Hardfacing

Application of high-abrasion-resistance aloys by welding is a method of repairing
machine parts or other metallic items that are subject to abrasive wear. Examples
include rails, turbine blades, excavator bucket teeth and conveyors in the mining
industry. It isoften cheaper to repair such partsthan to replacethem by new ones, asitis
quicker and there isno need to hold stocks of spare parts.

It can aso happen that a surface must be hard, while the underlying material must have
higher toughness. In such cases, it is common to apply the hard surface layer by
welding, which can be done ether by automatic welding equipment or manualy,
depending on the circumstances and the amount of welding to be done.

Types of wear

The type of cladding material to be used depends entirely on the type of wear to be
protected against. There are many different wear mechanisms, athough they can be
divided roughly into the following four classesfor simplicity:
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Friction and adhesion

Thisclassisthat in whichtwo metdlic surfacesroll or rub against each other, e.g. ashaft
and bearing or a cable and sheave. Even the most highly polished surfaces have micro-
scopic unevennesses, which result in wear. Particles from both surfaces are pressed
together and broken off, causing growing wear. The most important factorsin this
respect are thefinish of the surface, contact pressure and material structure.

In general, it can be said that wear particlesfrom two surfaces having the same hardness
and analysis can ‘combine’ more easily, which results in greater wear. It is therefore
desirable to avoid alowing two surfaces of the same material to contact each other.

Abrasion

When small, hard mineral particles rub acrossa metal surface, the surface of the meta
will be cut away. The harder the mineral and the sharper the edges of the particles, the
greater the amount of wear. This sort of wear mechanism occurs, for example, in
dredging and the transport of mineras.

In order to counter abrasive wear, it isimportant that the material is as hard as possible,
athough its microstructureand surface are also important factors. The recommendation
here is therefore usually for alloy steels containing chromium or tungsten, which are
hard.

Impact and shocks

Thistype of wear occursin, for example, crushers and excavator buckets. If thisisthe
main wear mechanism, it is important to use a steel that combines toughness and
ductility, so that it can absorb the shockshby deforming instead of by cracking. However,
such wear often occurs in combination with abrasive wear, which requires a hard
surface. Chromium and tungsten alloys, mentioned above, are relatively brittle which,
athough unimportant when abrasive wear is the only mechanism, would result in
cracking if they were exposed to impact. For applications such as crushers and
hammers, an aloy containing 14 % manganeseistherefore widdly used, asit producesa
hard surface with a ductile interior.

Heat, oxidation and corrosion

Toolsused for hot working processesand for casting are exposed to cyclic thermal loads,
which eventudly result in fatigue failures. Working in an oxidising environment
producesalayer of oxide on the surface, which can then crack dueto thermal expansion,
exposing new metd for oxidation and alowing the processto continue until the part is
entirely worn away. This particular form of wear is resisted by the use of nickd and
cobalt aloys, which have high resistance to abrasive wear, corrosion and thermal
fatigue.

Cladding materials and welding methods

Appropriate cladding materials and welding methods have been developed for each of
the four main classes of wear described above. However, acommon feature isthat hard
aloysshould not be applied in morethan 2-3 layers, astheir poor coefficientsof thermal
conductivity can result in the cladding cracking or separating from the underlying mate-
rial. A further common requirement is that there should be as little mixing with the body
materia as possible, in order to avoid degradation of the propertiesof the cladding. For

© 2003, Woodhead Publishing Ltd
109



WELDING PROCESSES HANDBOOK

this reason, a foundation layer of less hard aloys is often applied, with the fully hard
surface layer applied on top of it.

TABLE /1.1 Cladding materials.

Typeof stedl Properties Application/resists
Low alloy, low Tough Buildingup /
carbon friction resistance

14 % manganese | Tough, work hardens | Shocks and impact

Martensitic Tough and hard Shocks and abrasion
Chromium car- Hard, brittle Abrasion

bide, tungsten

carbide

Cobalt and nickel | Hard at high temper- = Tool steel/Corroson,
alloys atures _ high temperatures

11.3 Thermal spraying

Thermal spraying is used for applying metalic or ceramic layers to metals, for such
purposes as producing a corrosion-resistant or wear-resistant layer on low-aloy stedl,
for making good material lost by wear and tear or a machining error, or for applying
electrical or thermal insulation. Layer thicknesses vary from about 10 um up to afew
rnrm - sometimeseven tens of mm, depending on the application.

The method is particularly important for various types of repairs. Large, expensive
shafts, blocks, rollsetc., that have been worn down to sizes outside their permitted toler-
ances, can be restored to a usable condition by a modest work input. Thermal spraying
isalso very suitablefor use as a method of congtruction, wherethereis a need to apply
varioustypesof corrosion-resistant or wear-resistant layersto metd surfaces.

The most important methods of thermal spraying are flame spraying, high-vel ocityflame
spraying, arc spraying, plasma spraying and detonation spraying. Each has somewhat
different application areas, depending on thetype of material, cost and performance. All
can be used for spraying metallic materials, but not all are suitable for spraying non-
metallic materials.

Principle

The principle of thermal spraying isthat an appropriate cladding material, in the form of
wire or powder, is heated to its melting point by the thermal energy in a flame or arc,
with the molten particles then being carried by a jet of gas on to the workpiece. The
particle sizesare of the order of 50-200 ym.

Cladding layers applied by flame or arc contain about 5-15 % by volume of pores, and
up to 5-15 % of oxides. Porosity and oxide contentsof layers applied by high-velocity
flame spraying and (in particular) plasma spraying are lower. The strength of the clad-
ding depends on its material analysis, pretreatment of the workpiece and the spraying
method used. When spraying steel, the strength is low in the spray direction (20-80 N/
mm?), but better in the longitudina direction (80-150 N/mm?).
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Sprayingiscarriedout using aflamespraying gun, whichisof asizethat can be handled
manually. Nevertheless, it is often mounted on a support, withthe workpiecearranged to
rotateor travel infront of it. Thisisessential whenthin, uniform layersareto be applied.
Pretreatment of the workpiece can involve degreasing and roughening of the surface by
blasting, rough turning or grinding. Theam isto achievea matt surface with an appro-
priate key. Turning creates a corrugated surface, thus increasing the surface area and
improving the adhesion of correctly appliedcladding.

It is common first to apply a bonding layer of special material before applying the final
top layer. The bonding layer should be thinand even, but with good coverage.

Flame spraying

The heat source for flame spraying isa flame, produced (asfor gaswelding) by combus-
tion of acetyleneor propanein oxygen. The cladding material, in wire or powder form,
is fed continuoudly into the flame, where it melts, and the molten particles are then
blown on to theworkpiece by ajet of compressed air.

Oxyfuel gas
Air
Wire

Workpiece
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|
|
|
i
|
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Figure11.1 Schematicdiagram of flame sprayingwithwire.
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Figure11.2 Schematicdiagramd high-velocityflame spraying.

High-velocity flame spraying

High velacity flame spraying is often also referred to as HVOF spraying (high velocity
oxy-fud spraying). The method, which has developed rapidly in recent years, produces
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a high velocity of the molten particles, giving a very strong, dense layer, with less than
1% porosity and low oxideinclusion.

Fuel gases may be paraffin, LPG or hydrogen, burnt with oxygen at high pressurein a
combustion chamber. Temperatures of 2700-3100 °C are reached, depending on the
fuel gas. The gasleaving the combustion chamber is accelerated to supersonic velocity
(1500-2000 m/s) in an appropriately shaped nozzle. The high velocity produces charac-
teristic shock waves in the flame, which are visible as a diamond pattern (see Figure
11.2). The gun is often water-cooled. The cladding material is generally applied in
powder form, fed into the nozzle by an inert gas.

Arc spraying

Thismethod usesan electricarc asthe heat source, struck between the tips of two sacri-
ficial eectrodes made of the cladding material. The electrodesare fed continuously into
the arc, where they melt, and from which the molten particles are blown onto the work-
piece by ajet of compressed air or gas. The cladding materia is dwaysa metd, as it
must be electrically conductive. Different materials can be used in the two electrodes, to
producea cladding that isamixture of both of them.

Wire

Air/gas +

Power ~
source

| Workpiece

Figure 11.3 Schematic diagram of arc spraying.

Arc spraying generally producesthe best adhesion to the workpiece, and aso the lowest
production costs apart from spraying zinc-rich materials. However, some aloying
constituents - and particularly carbon - can be vaporised, which complicates spraying of
high-carbon cladding materids.

Plasma spraying

Plasma spraying often uses an arc as the heat source, struck between two non-sacrificial
electrodes. A flow of gas past the arc blows the arc plasma out through a nozzle; at
10 000-20 000 °C, the plasma temperatures are higher than the temperatures used in
other spray methods. Gases commonly used areH,, N,, Ar or He.

The cladding material is supplied in the form of wire, bare or powder, and fed into the
arc, whereit meltsand is conveyed to the workpiece by the plasmajet. Powder isthe
most commonly used form. The high temperature of the plasma enables ceramics and
meta oxideswith high melting temperaturesto be sprayed.
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The equipment is more expensive to buy and run than that for the other methods
described above, and so plasmaspraying islessoften used for spraying smpler materias
with less oxidation sensitivity. Its main application area is for spraying non-metallic
materialsfor cladding metallic materialswith electrically insulating layers.

Powder
Cooling water

HF-ignition Power source
'y Plasma gas
.‘ m—

SRR e

Electrode

| Workpiece

Figure 11.4 Schematic diagram of plasma spraying.

For optimum process control, plasma spraying can aso be carried out in a vacuum
chamber or a chamber with some suitable controlled atmosphere.

Detonation spraying

Detonation spraying involves the use of something akin to a large water-cooled rifle
barrel, loaded with a mixture of acetylene and oxygen, with the cladding material in
powder form. A spark plug ignites the mixture, and the flame front melts the powder
and drivesit at the workpieceat a vel ocity that iseven higher than that of HVOF. Thisis
repeated at a cyclerate of about 5 Hz, producing a very dense layer with good adhesion.

Thermal spraying and the work environment

Arc spraying, high-velocity flame spraying and plasma spraying al produce very high
noise levels, which meansthat operators must wear hearing protection, and that the use
of acousticaly insulated working areas is recommended. Further, a spray booth with
extraction ventilation to deal with smoke, gases and surpluspowder is also advisable.
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12 Mechanisation and robot welding

Mechanisation of arc welding can be applied in a number of levels, from the very
simplest to the highly sophisticated. Welding equipment was originaly divided into
manual (e.g. when using coated electrodes), semi-automatic (for MIG/MAG welding,
with the filler wire feed being mechanised) and automated (e.g. for submerged arc
welding, with both the filler wirefeed and movement of the welding head being mecha-
nised.

The introduction of the welding robot provided a further level in that, in addition to
starting and stopping, the program-controlled movementsof the robot could also include
moving between welding positions. Fully automatic welding arrived with pallet-
controlled loading and unloading of workpieces, as used in Flexible Manufacturing
Systems (FMS). These systems are generally used for smaller and medium-sized items,
with the wel ds being made under shielding gas.

M echanised welding can improve productivity, the quality of the weldsand working
conditions. In many situations, mechanisation can be used to performwelding that is not
possible with manual processes: an example of thisis narrow-gapwelding.

12.1 Narrow-gap welding

Narrow-gap welding has the following advantages:

- lower energy requirements

« reduced consumption of filler materials
+ reduced end-to-end working time

« reduced distortion of the workpiece.

Narrow-gap welding is suitable for joining sheet and plate in the 25-300 mm range.
Joints to be welded are prepared with parallel sides or dightly U-shaped, as shown in
Figure 12.1. Jointswith parallel sidesare cheap to prepare, athough difficultiescan arise
as a result of contraction during welding, which has the effect of narrowing the
remaining (unwelded) gap.

1-5°
8-10 mm

x R

rcca R=4-6 mm 2-4 mm ritkant

Figure12.1 Joint typesfor narrow-gap welding.
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The U-shaped joint isto be recommended, as no additional backing is required, it is
easier to melt the walls of the joint at the bottom edge and the shrinkage caused as the
weld metal contractson cooling islesstroublesome.

The cost benefitsof narrow-gap welding result from itslow energy and filler materia
costs, together with the shorter time required to fill the considerably smaller weld
volume. Other factors include less complicated joint preparation, reduced time at
elevated working temperatures and less distortion due to the smaller volume of weld
metal. A prerequisitefor asuccessful result is properly managed process control, in order
to avoid weld defects. The welding heads are of special design, with precision
mechanica control. Narrow-gap welding is used primarily for MIG/MAG, TIG and
submerged arc welding.

Narrow-gap MIG

To ensure proper melting of the sidesof the joint, the arc should alternately welded to the
left and right side of the joint. The arc can aso be controlled by winding twofiller wires
around each other, which causes the arc to move constantly between them, angled
outwardsand rotating asthefiller wireismelted.

N

u

Figure 12.2 MIG welding of two beadsbeside each other, one at a time, with arotatable
welding head.

e m—m—— -

d Pid

:

Narrow-gap TIG

TIG produces a high quality weld metal in all welding positions. It is particularly suit-
able for use in narrow joints, bearing in mind its normally otherwise low productivity.
The most important elements for successful welding are good gas protection and
ensuring that the arc reaches the edges of the joint. This method is used primarily for
stainlessand low-alloy stedls.

min 2-2,5 mm

Stickout
40-45 mm

\
A

Figure 12.3 A narrow-gap U-joint, suitablefor submerged arc welding.
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Narrow-gap submerged arc welding
A submerged arc welding head for narrow-gap welding must itself be narrow.

The best method of this mode of welding isto lay down beads, alternately to the left
and to the right. The electrode should be angled towards the wall of the joint, and be
carefully positioned. With the correct welding positions, the slag will loosen by itself.
This means that, when welding cylindrical rotating workpieces, the dag falls off by
itself.

12.2 Arc welding using robots

The welding robot station

An arc welding robot cell normally consists of a robot with its control equipment, a
manipulator for the workpiece, a welding power unit and other welding equipment.
Robots now often have six axes of motion, and there may aso be one or more axes on
the manipulator that positions the workpiece. The manipulator may be a two-station
interchange type, so that the operator can load and unload jigs while the robot is
welding, as shownin Figure 12.4.

Figure 12.4 Araobot cell for arc welding with an interchange type manipulator.

Programming the robot

Therobot is programmed to weld from one point to the next on the workpiece. The oper-
ator controls the robot with a joystick and identifiesthe various positionsat which an
‘'event' occurs, e.g. where the robot changes direction, the welding parameterschangeor
therobot startsor stopswelding. The coordinatesof the positionsare saved in the robot's
memory, together with the associated instructions. For arc welding, it is not only the
position of the electrodethat isimportant, but also the angle of the welding gun relative
to the joint. Other welding data such as wire feed speed, voltage and travel speed are
included in the programming. |f necessary, a weaving action can also be applied to the
main travel motion.

A welding robot station normally aso includesa manipulator to position the work-
piece, not only to ensure that the robot can reach all the joints, but also to ensure that
welds can be carried out in the best position. The workpiece itself may makeall or some
of the necessary movements.
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Programming is usualy carried out on-line at the workpiece, athough it is aso
possibleto use special softwarethat allowsa considerablepart of the work to be carried
out on a separate computer. Thisis referred to as off-line programming (OLP). Off-line
programming avoids expensive standstill time for the robot cell, i.e. when it is being
used for programming, rather than for revenue-generating work. A large workpiece may
require over an hour's welding, and each minute of welding time can take an hour to
program.

In its most advanced form, off-line programming uses sophisticated 3D graphics
programs into which information on the robot system, jigs and workpiece are loaded, so
that the necessary weld motions can be programmed and controlled directly on the
screen. In such cases, information on the workpiece designis provided directly from the
CAD system. Although it may be necessary to perform final fine-tuning on the robot
itself, this procedure greatly reduces the standstill time.

Other types of off-line programming can be used to convert stored coordinatesfor a
particular model (typical) case: this requires some degree of similarity between the
variousitemsto be welded.

Welding in flexible manufacturing systems

Flexible manufacturing systems(FMS) include handling of the workpiece, and can have
severa positionsfor loading and unloading the workpiece-carrying pallets. Systemsmay
use one or more robots, and severa different types of workpieces can be welded one
after the other, with only short changeover times. The use of buffer stocks enables
production to continue completely unattended for some time. The entirefacility ismoni-
tored and controlled by a supervisory computer system.

Figure 12.5 A flexible manufacturing system (FMS) station for robot welding.

Extending the working area

Several alternatives are available to increase the range that robots can cover when
dealing with large workpieces, e.g. by mounting therobot on rails or supporting it from a
hanging post or agantry. Thismeansthat, in additionto the robot's own six motion axes,
with perhapstwo on the workpiece manipulator, there can be up to a further three axes
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for moving the robot. Modern robot control systems can provide full coordination of
motion on all the axes, i.e. the robot's own axes and the external axes.

An extended working range can also be used to transfer the robot between welding
stationsso that it can be used with several workpieces.

Safet

Robotyi nstallations are fenced in order to prevent injuries to persons. Unauthorised
persons must not be within the working area of the robot while it isin operation. The
normal form of protection is a high fence, with access points protected by light beams
that automatically stop the manipulator or robot if anyone attempts to enter the enclo-
sure. Only specidly trained programmers or service techniciansare alowed to work
within the robot's working area, and then only with specia protective equipment and
procedures. In addition, there are emergency stop buttons, which should preferably be
straightforward to reset after operation.

Tools and tool maintenance
The welding gun can be spatter-cleaned at appropriate intervals, under control of the
robot program. The robot moves to a special position, where the welding nozzle is
mechanically or pneumatically cleaned.

There are aso tool change systems, e.g. for replacing the welding gun for mainte-
nance, for changing the welding process or even for changing to a completely different
task, such as grinding.

Tolerances

Spot welding by robots is an established method, that has been successfully used since
the early 1970s. Thisis because the required accuracy of positioning spot weldsisoften
+ 1 mm, which wasthereforewithin the accuracy of repeatability of the first generation
of robots. Thewelding clamp is positioned, and then closed to closethe gap betweenthe
two pieces of metal to be joined and force them into position. Relatively large tolerances
can be accepted in respect of the positions of the sheetsto bejoined.

Arc welding, on the other hand, requires considerably closer tolerances. never-
theless, it is often possible to weld smaller and medium-sized workpieces without the
use of joint tracking equipment. The variation in the position of the arc between corre-
sponding workpiece positions must not normally exceed + 0.5 mm, and achieving this
accuracy requires very high accuracy of the workpieces, jigs, manipulatorsand welding
equipment.

Thefiller wire electrode is the last link in the chain. The wire is seldom completely
straight and centred when it emerges from the contact tip. Instead, it is often dightly
bent and, if thecontact tip isworn, thereisarisk of the necessary tolerance requirements
not being met. The dlight pre-bending of the filler wire is intended to ensure sufficient
contact pressure against the contact tip. However, when carrying out robot welding, it is
important that this pre-bending is not excessive, and that the contact tips are replaced
sufficiently often.

The difference between ahuman welder and a robot welding several essentialy iden-
tical itemsis that the human welder can see if the joint to be welded is too wide or too
narrow, and can then adjust the current, weave the wel ding head, reduce the travel speed,
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bend the workpiece or take some other stepsto ensure a good end result. The robot, on
the other hand, might produce a poor welded joint under these conditions.

Joint location and joint tracking

In most cases, it is possible to find ways of meeting the tolerances in robot welding
without having to usejoint locationor joint tracking equipment. However, when welding
large workpieces, it may be impossible to maintain the tolerances required for a
successful weld.

Figure 12.6 The workpiece positionislocated in order to correct the programmedtrack
so that it coincideswith the actual physical position of the joint.

Jointlocation

In the simplest case, it may sufficewith one joint location operation. Thisis done by the
robot before welding starts, by locating the position of the workpieceor of the surfaces
of thejoint, e.g. by establishingelectrical contact between some part of the welding gun
and thejoint.

A location search can be carried out, for example, for three surfaces in mutualy
perpendicular directions. This is followed by appropriate parallel displacement of the
robot's programmed motions, in order to locate the starting point of the weld and elim-
inate position error, at least in the areawherejoint locationwas carried out.

Figure 12.7 Ifthe arc length or the exposed filler wire length changeswhen the
electrodeweavesacrossthejoint, a corresponding change occursin thewel ding current
and can be used for joint tracking.
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Joint tracking
A joint tracking system can be used when making long welds in order to provide real-
time correction for any deviations between the programmed position and the actual posi-
tion of the weld. The commonest system for use with robot welding is to use the arc
itself asthe sensor. The arc is made to weave acrossthe joint from sideto side, and the
control system comparesthe arc voltage or current at the end positionswith the expected
values at those positions. Arc sensing has become popular because it does not require
any extra space-demanding equipment, and becauseit tracks the joint at the position of
thearc.

Opticdl joint tracking devicesare also used, e.g. using alaser scanner to determine
the positions of the joint surfacesin front of the arc.

Advantages and drawbacks

In cost terms, awelding robot cell for MIG/MAG welding is economic for a throughput
of awelded structure or some welded item of between 1000 and 60 000 units per year.
For numbers less than this, the cost of programming the robot and manufacturing jigs
would be unlikely to berepaid, whilefor greater numbersit would be better to investin
a larger or more sophisticated installation that would weld severa joints at the same
time. However, in some cases, even small production numbers can be worthwhile, if
FMS equipment or off-line programming can be used.
The benefits of an arc welding robot cell are:

+ Higher productivity - the arc time factor rises from 30-40% to 60-80%, and the
welding speed can also generally beincreased. One robot plus operator can normally
replace 2-4 manud welders.

Wed quality becomesmore consistent, and generally higher.

Working conditions are improved, as the operator does not need to stand in the
vicinity of the struck arc.

+ The necessary organisation and improved control of peripheral activitiesassociated
with the introduction of arobot have a beneficial effect on general efficiency.
The drawbacksare:

» A substantia need for training, both for programmingand for servicing.

+ Closer tolerances on partsto be welded and on jigs.

« A probable need for redesign of partsto makethem suitablefor robot welding.

12.3 Mechanised TIG welding

Mechanised T1G welding produces excellent, smooth welded joints of very high quality.
The process is used for applications such as welding stainless steel, nickel aloys and
aluminium. Specia tools are often used for erection welding of parts such as stainless
steel tubes(see Figure 12.9),when welding heat exchanger or condenser tubes into tube
plates or for narrow-gap welding (see Narrow-gap T1G on page 115).
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Process parameters

Filler wire
Filler wireisrequired to fill joint gaps, and is supplied fromawirefeed unit. Thewireis

fed directly into the weld pool, usualy in front of the arc and without having first been
melted by the heat of the arc.

A variant of thisis the hot wire system, in which the filler wire is preheated by a
separate power supply, as shown in Figure 12.8. The heeting current should preferably
be adjusted to suit the wire feed speed. The weld speed can be increased, as less of the
energy in the arc is needed in order to melt the filler wire material, which results in
important benefits when compared with the use of cold filler wire.

« Thereislessrisk of poreformation, as preheating the wire assi ststhe rel ease of gases
trapped in the weld pool.

« A highmeltingrate, up to 8 kg/h of molten material for steel.
Reduced heat input and lessrisk of distortion.

Filier wire

Wire feeder

TIG torch
Contact tip

Power
source

=

Heated extension
\V_

Workpiece

Figure 12.8 TIG welding using the hot wire system. Note that the wire is fed directly
into the weld pool without having first been melted by the heat of the arc.

This arrangement requiresthe welding equipment to be complemented by an addi-
tional wire feed unit, together with a specia welding gun for thefiller wire. Thewireis
fed into the weld pool a an angle of about 40°, and is heated by AC in order to reduce
magnetic arc wind effect on the arc.

Arc length control

In order to keep the arc length constant, the equipment often includes a facility (Arc
Voltage Control, AVC) that raises or lowers the electrode in response to a signal from
the arc voltage, so that the eectrode followsthe profile of the workpieceand maintainsa
constant arc length.

Other adjustments
Equipment for mechanised TIG welding often incorporates advanced control facilities,

such as programmable welding parameter 'groups’ to suit particular types of joints or
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materials. Parameters that are usualy controlled in this way can include the welding
current, pulsing, weaving, wire feed etc.

Tube welding equipment uses special toolsas shown in Figure 12.9. When welding
horizonta tubes, the welding head must travel round the periphery of the tube, which
meansthat itsangle must constantly changeto suit the position. It istherefore possibleto
programdifferent welding parametersfor different sections of theweld.

Figure 12.9 Welding equipment for mechanised TIG welding, with the power unit and
cooling unit mounted on a trolley together with the necessary gas bottle, tube welding
tool and filler wire feed unit.

12.4 Quality requirements for mechanised
welding

General measures

When an experienced manua welder makesa weld, he will notice whether any part of
the equipment or process is not operating as it should. He monitors the process, and
makes sure that the end result is good. If necessary, he can apply corrections. Mecha-
nised welding, on the other hand, faithfully and accurately repeatsprogrammed motions.
It is therefore important to ensurethat all other factorsare kept sufficiently constant to
ensure a successful result. The basic principle is that the tolerances that the welding
process can accept should be greater than any departuresor deviationsthat are likely to
occur. Unfortunately, the acceptable tolerances tend to decrease as pressure to raise
productivity increases. It can therefore be relevant to use (additional) equipment for
monitoring the welding processin order to ensurethe necessary quality.
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Typical examples of factorsthat can adversely affect the processare:

Gap width variationsin the welded joint
- Theposition of the electrode tip relative to the joint
« Problemswith wirefeed.

Thefollowing factorscan be important in order to ensure that the necessary quality is
maintained:

» Appropriatedesign and choiceof joint type
« Use, wherever possible, of the most favourable welding position
 Preventive maintenance of the equipment

The use of welding equipment that can control and maintain set values
+  The use of monitoring equipment.

Specia methodscan be used for dealing with difficult situations:
Weaving, or slow thermal pulsing, can make the processlessvulnerableto variations
such as gap width changes

Joint tracking.

Monitoring

Quality standards require welding procedures to be described in a Welding Procedure
Specification (WPS). Some form of monitoring should then be employed to ensure that
the specified welding parametersare being maintained.

Recording

The simplest form of monitoring is recording of the relevant parameters, possibly
accompanied by visual display. Typica parametersfor such monitoring include current,
voltage, wire feed speed, gasflow rate and possibly the linear welding speed. The equip-
ment should preferably be suitable for connectionto a PC for presentation and documen-
tation of theinformation.

Supervision with alarm limits

By setting appropriate tolerance limits, the equipment can generate darmsif any of the
monitored parameters moves outside the permitted range. The alarms may be generated
instantly when a passage occurs, or be made to respond only to an average signal so that
brief excursions are ignored. Double limits can also be used, so that traversing the first
limit provides awarning, while traversing the second limit stopsthe equipment.
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13 Soldering and brazing

13.1 General

Soldering and brazing are important industrial methods of bonding metals, and are espe-
cialy widely used in connection with mass production. They have their given applica
tions in connection with particular materials and components, for which welding is
unsuitable due to the considerably higher temperatures and limited abilities to bond
different metals. Soldering and brazing are smple and suitable bonding processes for
joining ferrous metas to non-ferrous metas, and for bonding metals having very
different melting temperatures. They are the main methods of bonding used in the manu-
facture of products made of copper or copper aloys. Although the main applications
differ from those of welding, they can in many cases be fully acceptable aternativesto
welding.

The processes are economic due to the lower working temperatures and to the fact
that there is generally no need for any substantial chipping, grinding or cleaning of the
joint as afinishing process.

The following section gives an introduction to soldering and brazing methods by
describing the fundamental principles, with brief descriptions of the various methods.

Description

Soldering or brazing involvesheating the areato be joined to the working temperature of
the filler metal, or to a somewhat higher temperature. As the working temperature is
aways|ower than the melting temperature of the base material, and generaly very much
lower, the base material will remain solid throughout the process. Thisisthe main differ-
ence in principle between soldering/brazing and welding. A flux is generally used in
order chemically to remove oxides from the surfaces and to prevent new oxide layers
forming during the heating process. If the surfacesare sufficiently clean, the moltenfiller
metal can wet them and diffuse into the base metal. This producesan aloy of the metal
and the base materia in athin layer in the bond zones (see Figure 13.1), thus producing
an uninterrupted metallic bond in the form of the soldered or brazed joint. Thermody-
namic processesresult in both materialsdiffusing into each other: the elevated tempera-
ture of the process causes el ementsfrom the added metal to diffuse into the base materid
and vice versa(erosion).

Solidified filler metal

Workpiece

Bond zone

Figure 13.1 Schematic diagram of a brazed joint.
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The compositionand structure of the bonding layer can be decisivefor the strength of
the joint, and so it isimportant to choose afiller metd that is compatible with the base
material.

Thesolidified layer of filler metd inthejoint must bethinif the best strengthand fill
properties are to be achieved, which meansthat only in exceptional cases may the gap
between the two piecesto bejoined exceed 0.5 mm. Narrow gapsdraw the molten metal
into them by capillary attraction, with the best fill being obtained when the gap is
between 0.05 mm and 0.25 mm. A brazing alloy with a narrow working temperature
range normally penetrates better than one with a wider working temperature range.

Types of joints
Brazing usesthe same types of jointsas doeswelding, i.e. the ordinary butt and overlap
joints: See™ Joint types” on page 6, aswell as acombination of them, in the form of the
butt overlapjoint, asshown in Figure13.2.

The drength of a brazed joint depends on variousfactors, including the area of the
joint. The greater the areq, the greater the forcesthat the joint can withstand.

Asit is not necessary, when preparing a brazed joint, for the joint to be manudly
accessible throughout its length, a geometry such as that of the butt overlap joint or
similar can often be used.

L

I/

Figure 13.2 Butt overlapjoints.

An overlap width equal to about three times the thickness of the thinner part should
be amed a, in order to providesufficient strength of thejoint: see Figure13.3.

t z

3t

Figure 13.3 Three timesthe thickness of the thinner part isa suitable lap length.
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A particular problem when making brazed jointsisthat of the previoudy mentioned
gap width. When joining dissimilar metal sand/or different thicknesses, the width of the
gap changes (either increasing or decreasing) as a result of different rates of expansion
of the metd asit is heated to the working temperature: see Figure 134. A suitablegap

width is normally obtained by placing the partsin contact with each other, without any
additional pressure.

Room temperature Brazing temperature

ey I' ﬁ
Figure 13.4 Different combinationsof materialscan result in the gap increasingor
decreasingasthe parts are raised to working temperature.

Definitions

Soldering, Brazing. Bonding metd parts by means of a molten bonding materia
(solder, brazing filler metal)that hasalower meting point than the base material(s), and
which wetsthe surfacesof thejoint.

Solder, Brazing filler metal. The metallic material used to make the soldered or
brazedjoint.

Flux. A meltable or gaseous materia, intended to dissolveoxidesand to prevent the
further formationof oxides.

Wetting. Theability of the solder or brazing metal, when molten, to soread over and
connect the joint surfaces (the substrate).

Diffusion. The alloying process, with one of the componentsremaining in the solid
date throughout.

Working temperature. The temperature to which the joint must be raised for the
solder or brazing dloy to melt and wet thejoint surfaces.

Médting interval, Solidifying interval. The range between the lower and the upper
melting temperature (solidus and liquidus temperatures).

Different types of methods

Both soldering (which can a so be called soft soldering) and brazing are processes that
rely on the penetration of a capillary gap by a molten filler materid, at a temperature
whichis below the meting point of the materialsto be joined. The distinction between
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the two processes depends on the working temperature: if it isbelow 450°C, the process
isreferredto as soldering; if it isabove450°C, it isreferred to as brazing.

Brazing may also sometimesbe referred to as hard soldering.

Depending on the design of the joint, we distinguish between:

Capillary joint, where the solder is drawn into the joint - which must be less than
0.5 mm wide - by capillary attraction.

« Brazewelding, wherethe gap exceeds0.5 mm, orisaV or X joint.

Braze welding isatype of brazing, but is carried out with a procedure, and for types
of joints, that is/are similar to gas welding. Soft soldering and brazing are normally
carried out as gap-brazing, while braze welding is a method where filler metal is not
distributed by capillary action.

Both soft soldering and brazing can be divided into a number of working methods,
depending on such factors as how the heating is applied.

+  Manual soldering, using a soldering iron, which is usualy electrically heated. This
method is used only for soft soldering.

+ Flame heating, using an open flame.

»  Solder baths, containing molten solder and in which the parts may be completely or
partialy immersed. (Partsmay a so beimmersed in moltenflux.)

Furnace soldering, in which the workpiece, with preplaced solder (known as solder
preforms) and flux, is heated in a furnace, generally on a conveyor. Parts may be
protected by an inert atmosphere.

Induction heating, with the heat being generated by high-frequency induction.

Resistance heating, by passing an electric current through the workpiece to produce
resistive heating. As with furnace soldering, solder and flux can be preplaced.

» Arcbrazing, usng an electric arc and brazing metd. This method is similar to MIG
(MIGbrazing) or stud welding.

Infrared soldering, using infra-red radiation from high-power halogen lamps and
reflectors.

» Laser soldering isanother exampleon radiant heating.

The choice of soldering method depends on the design of the workpiece, the quan-
titiesto be soldered and similar factors.

13.2 Soft soldering

The most commonly used soldersfor soft soldering are alloysof tin and lead, although a
wide range of other alloys are used to a lesser extent, often for specia purposes.
Table 13.1 liststhe compositions of normal typesof solder.

Solder is often supplied in the form of wire or bars, generally with flux cores.

Fluxes are often week acids or salts. As they are corrosive, their residues must be
removed from the joint after soldering. An alternative, which doesnot normally resultin
corrosion if tracesare |eft, isthe use of resinsdissolved in an organic solvent. Thereare
asoliquid and paste fluxes.
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Copper and its aloys are the materials that are most commonly joined using soft
soldering. The solder is normally atin-lead aloy, and the flux is anon-corrosive or only
mildly corrosive flux. Similar fluxesare also used for soldering mild stedl.

Strongly active fluxes must be used for soft soldering of materials with chemically
stable oxidefilms, such asauminiumor stainlesssteel, in order to removethe oxideand
alow the solder to comeinto contact with a sufficiently clean metal surface. To produce
a satisfactory joint, stainless steel should be pickled immediately before soldering.
Examplesof soldersused for aluminiumincludealloysof zincand cadmium, or zinc and
aluminium.

TABLE 13.1 Composition 0f common solders.

Melting
Sn Pb Cd Bi Ag | Sb | Zn | Cu | range, °C Application
99.9 | Trac 232 Tinning, (food tins)
e

63 37 183 Cu, steel etc. (the
commonest solder)

60 40 183-188

50 50 183-226 Brass, solder baths

50 32 18 145 Heat-sensitive parts

42 58 138

44.5 | 555 124

60 38 2 183-188 Electronic assem-
blies, corrosion-
resistant

22 28 50 95-107

125 |25 12.5 | 50 70-74

96.5 3.5 220 Cu pipes (HVAC
work)

95.5 3.8 0.7 | 217 Electronic items
(lead-free)

97.5 2.5 305 Electrical work at
high operating tem-
peratures

95 5 233-240 Food industry (not
copper)
70 30 300-350 Al and Al alloys

Although much soft soldering is carried out manualy, the process is adso very
suitable for mechanisation. In the latter case, the gap between surfaces to be joined
should be narrow, not more than 0.2 mm, in order to ensure that the molten solder can
reach all parts by capillary attraction. The commonest joints for such processes are
varioustypesof overlapjoints.

Mechanised processes are used for such applications as the manufacture of circuit
boardsfor electronic products.
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13.3 Brazing

The key factorsin determining the quality of a brazed joint are the method of brazing,
the composition of the brazing filler metd and the flux. For use as a filler materid, a
meta or aloy must have alower melting point than the workpiecematerial,and must be
able to wet the workpiece material. In addition, when molten, it must flow sufficiently
easily to enable it properly to fill the joint. The resulting alloy must provide the neces-
sary mechanica and physical properties, while the filler metal must not be vaporised to
any significant extent during the heating process, as this could result in poor fusion.
Metalsin the following groups are those most commonly used as brazing filler metals:
seeadso Table 13.2.

Silver brazing aloys consist of alloys of silver, copper, zinc and sometimes also
cadmium. They flow easily, with low working temperatures of 600-800°C. They can be
used with all heating methods, and for amost all materias except auminium and
magnesium alloys. However, due to the toxicity of cadmium, filler metalscontaining it
must not be used unlessfull evacuation of the brazing fumes is provided.

Copper phosphorusfiller metalsare based on alloysof copper and phosphorus, and
may aso contain silver. They are used amost exclusively for brazing copper and copper
aloys. As phosphorus reduces copper oxide, the metal is self-fluxing, and so no addi-
tional flux is normally needed.

Thesefiller metalsare not suitable for brazing steel or nickel, as phosphides can be
formed and embrittlethe joint zone.

Copper and brass. Oxygen-free eectrolytic copper is used for furnace brazing.
Brass (from which the process name 'brazing' is derived), when used as a brazing filler
meta, consists mainly of copper (40-80%) and zinc, and may often include smaller
quantities of tinand silicon. It is used for brazing materials such as mild steel.

High-temperaturebrazing materials consist of nickel-based alloysand silver-manga-
nese alloys. They are used for brazing components intended to operate at temperatures
well above normal ambient temperatures, such as parts of gasturbinesor steam turbines.

Aluminium brazing metals. Aluminium and its alloys are brazed with filler metals
consisting of auminium-silicon alloys or auminium-silicon-copper aloys.

Filler metals are availablein various physicd forms, such aswire, bar, strip, foil or
granules: some bar formsinclude flux coresor flux coatings. They can, of course, also
be supplied in preform shapes, such asrings, washersetc.

Joint surfaces must be carefully cleaned if the best bond qudlity is to be obtained.
Oxides must also be reduced, and/or oxide formation during heating must be prevented.
One way of doing thisis to make the joint in an air-free environment, e.g. in a furnace
with a suitable inert gas atmosphere, or under vacuum. However, brazing is generaly
carried out in air, which means that self-fluxing filler metals (see copper-phosphorus,
above) or a separate flux must be used.

The flux consists of a mixture of various metallic salts, and is applied to the joint
surfaces as a high-viscosity liquid, as a paste or as a powder. Heating drives off the
carrier (often water), before the saltsmelt and react with the oxideson the joint surfaces.
The choiceof flux depends on the type of workpiece material and the brazing tempera-
tureof thefiller metal.

Brazed jointsare generally some form of overlapjoint. To alesser extent, jointsmay
be of butt type, but should be chamfered to improve the joint strength. The gap width
should bein the range 0.05-0.5 rnm, and preferably 0.1-0.2 mm.

Brazing can be performed manually, mechanised or automated.
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TABLE 13.2 Composition of common brazing filler metals.

Work-
Type of Melting | ing tem-
alloy Ag | Cu Zn Sn [ Cd | P Mn | Ni | Al | Si | Fe | range, perature,
% | % % % 1% |% |% |% |% |% [% |°C °oC
Silverand | 55 |21 {22 |2 630-660 | 650
cadmium- ['45 127 |25 |3 640-680 | 670
free 49 |16 |23 75 | 45 625-705 | 690
49 [27.5 1205 2.5 105 670-690 | 690
34 [36 |27 13 630-730 | 710
44 |30 |26 680-740 | 730
20 | 449 |35 0.1 690-810 | 810
Silverand | 40 | 19 |21 20 595-630 | 610
cadmium
alloys
Copper- |5 |89 6 650-810 | 715
phospho- 271791 8 62 650-810 | 710
rus alloys 55 5 650-800 | 705
92 8 710-740 | 850
93 7 710-820
94 6 710-850 | 850
High- 85 15 960-970 960
tempera-
ture mate-
rials
Bronze / 48 | 418 10 0.2 880-910 900
brass 60 |397 |01 0.2 885900 | 900
58 40 0.8 03 |04 0.1 | 0.4 | 875-890 890
475 1415 |01 03 |10 03 | 03 | 890-900 | 900
Alumi- 4 86 | 10 520-586 550
nium 87 | 13 575-582 580
alloys

Braze welding

When used to make V or X buitt joints, or for fillet joints, brazing is referred to as braze
welding, and is generally performed manually with gas flame heating. The filler meta
must be relatively viscous, in order to provide the best fill of the joint.

Various types of brass aloys and appropriate fluxes are generally used: see
Table13.2. Thisis nowadays a less commonly used process, but is employed to some
extent for making jointsin copper and copper dloy pipes, aswell asfor brazing bronze
and cast iron.
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Arc brazing

Arc brazing is the name given to brazing methods based on arc welding methods. The
most interesting field of applications here seems to be automotive body components
manufactured of zinc coated steel sheet. The reason for thisis that conventiond fusion
welding often is subjected to different problems due to the burn-off of the zinc coating
and process instabilitiessuch as pores and spatter. Brazing speed can often reach the
double value compared to welding.

In arc brazing heat input is reduced and there is less vaporisation of zinc. The advan-
tagesof changing brazingfiller metal with the low melting temperatureis:

+  Minima amount of spatter

+ Less post-treatment of the brazed seam
+ Low heat input

+ Low burn-off of the zinc coating

Filler materia can be low-aloy copper-based (e.g. CuSi3Mn1), aluminium-bronzeor
tin-bronze based.

MIG brazing involves replacing the electrode in an MIG welding torch with an elec-
trode made of a copper based brazing filler metal. The power ratings are st so that the
filler metal melts, but the edges of the joint are only heated, and not melted, by the arc.
The shielding gas used is pure argon or argon with a small amount of active gas that
improves the arc stability. It is common to use argon with up to 2 % CO, as shielding
gas. Pulsed MIG arc can be usad to improve arc stability. MIG brazing allows a high
joining rate. Brazing speeds up to 3 m/min can be achieved.

TIG brazing uses a mechanised feeding of the brazing filler wire. Pure argonis used
as shielding gas.

Plasmaarc brazing uses a plasmatorch combined with awire feed of brazing metal.
The plasma arc is more stable and gives better brazing properties compared to MIG
brazing. Generally argon is used both as plasmaand shielding gas but small additions of
other gases (He, H,) could be used to improvethe brazing speed.

Laser beam brazing

When joining thin sheetsof steel laser beam brazing is an excellent dternative to the arc
brazing technique. Both CO, and Nd:YAG lasers are used but also high power diode
lasers are becoming available. For brazing the focus of the beam does not need to be as
precise asfor welding. The ability to increase the laser beam spot size by defocusingis
an advantage. Filler wire issupplied by awirefeeder but can also be pre-placed.

Laser beam brazing cause very small heat-affected zones. The seam becomes very
smooth and allowsa minimum of after-treatment before painting.
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14 The weldability of steel

Thefollowingsection briefly describesthemetal lurgical aspects/processes and the suita
bility of various stedsfor therma weding. Weldability meansthat the welding process
is intended to produce as homogenous properties as possible in the weld, i.e. that the
materia saffected by theweld mus have a least the same strength, corrosionresistance,
oxidationresistanceetc. asthe base materid. The propertiesof thewed metd are deter-
mined largely by the choice of filler materid, the type of base materid, the welding
method and the welding methodology, while the propertiesof the HAZ are determined
primarily by the compostion of the base material and the amount of thermal energy
delivered duringweding.

Figure 14.1 shows the names of the various parts of the materials effected by the
weld.

Joint preparation Weld metal
Fusion line Penetration zone
Transfomationzone boundary Coarse-grained HAZ
Fine-grained HAZ

Base metal

Heat affected
zone, HAZ
Wel

Id affected material

Figure14.1 Nomendature of zonesand boundariesin heat affected zone.

14.1 Carbon steels

Asused here, theterm 'carbon steels refersto plain carbon stedl, carbon-manganesested
and micro-dloyed stedl. Plain carbon steelsare characterised by the dloying with up to
0.20-0.25 % of carbon as the drength-determining element. Carbon-manganese steels
contain, in addition, up to about 1.5 % of manganese, with amaximum carbon content of
0.25 %. Examples of such steelsinclude SS 13 12 and SS 14 12 structurd steels and
SS 13 30 and SS 14 30 pressurevessasstedls.

TABLE 14.1 Quality classesfor plain carbon steels. (Source: IIW.)

Quality class A B C D E
Degreeofkilling Unkilled Semi- Semi- Semi- Killed
Semi-killed | killed killed killed
Killed Killed Killed Killed

Impact toughnessrequire-
ment, min. 27 J at: - - 0°C -20°C -40°C
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Microalloyed steel consistsof a plain carbon stedl or a carbon-manganesested asthe
basic material, to which a small quantity (0.001-0.1%) of one or more aloying
substances has been added in order to reduce the grain size of the materia and thus
improve the yield strength and give better impact toughness. Examples of such grain-
size-reducing el ementsinclude aluminium, niobium, titanium, zirconium and vanadium.

Plain carbon steels have largely been specialy developed as structural materials for
welded structures.

The Internationa Institute of Welding (11W) divides steels up into five quality
classes, A, B, C, D and E, depending on the method of manufactureand the requirements
in respect of impact strength: see Table 14.1. The new European standard for general-
purpose structura steel, EN 10 025-1993, gives a different classificationfor the steels,
depending on their impact strength at various (low) temperatures.

Temperature,°C
1100

E
1000 /
Austenite

900

goo4l Ferrite + Cementite +
Austenite Austenite
P A1 S, At
700 - I
Ferrite : Cementite +
Perlite | Perlite
|

T UL
0 0.5 1.0 1.5
Carbon content, %

Figure 14.2 Part of the iron-carbon diagram, with a schematic representation of the
structure.

Changesin the grain structureresulting from welding

The iron-carbon diagram (Figure 14.2) can be used to explain the origins of the various
zones in those parts of the base material affected by welding. It can be seen from this
that steelswith low carbon contents are predominantly ferritic, while perlite (an eutectic
mixture of ferrite and cementite) increases with increasing carbon content and cementite
startsto appear in the grain boundariesat carbon contents over about 0.8 %. Bearingin
mind what was said above concerning the composition of plain carbon steels, it can be
seen that they will generaly have aferritic-perlitic structure. 1n the diagram, the PSK
linerepresentsthe A; conversion temperature, the GS line representsthe A; conversion

temperature and the SE line representsthe A,  conversion temperature.

© 2003, Woodhead Publishing Ltd 133



WELDING PROCESSES HANDBOOK

Figure 14.3 showsthe primary structure of a single-passweld. Heat flows quickly
from theweld to the base materia viathe surface represented by the line abe, whilethe
surface adc, exposed to the atmosphere on the top of the weld, loses heet less quickly.
Asthe meta solidifies, the primary grainsgrow perpendicularly from the surfacethat is
losing heat the most quickly, i.e. the melt face.

Figure14.3 The primary structure can be seen in a section through the weld, x4.

Figure 14.4 shows schematically how the heat of the weld affectsthe base materia
closest to theweld. Thestructure of therolled, unaffected base material is shown at the
right, adjacent to the structural change zone, which has been hesated to temperatures
between Al and A3.

Thetrangition zone - often alsoreferredto asthe Heat Affected Zone (HAZ) - can be
clearly seenadjacent totheweld. It can be dividedinto the normalised zone, which has
been heated to somewhat over A3, and the overheated zone, where temperatures have
been considerably over A3, up to the melting point of the material. The structureof the
overheated zone exhibits a substantial amount of grain enlargement, and is partly
Widmansgtiitten-orientated.

The weld metal can be seen on the left of the diagram, in this case with a Widman-
stitten structure, whichisa characteristicof single-passwelds(seea so Figure 14.5).
Schematic diagram of the structure of the heat-affectedzone and of the base materid.

Transformation zone
— Un-affected

Weld Overheated zone Normalised zone base metal

/ o = A .
FOUWP 5 AL P C A N B S Rl

Figurel4.4 Schematicillustrationof how the weld heat affects the base metal.

In a multi-passweld, each weld bead will be heat-treated by the subsequent bead.
This means that, with the exception of the top pass, which retains its Widmanstiitten
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structure, amulti-layerweld haswhat i sknown asa normalised weld structure, as shown
in Figure14.6.

I

v “""':(_r

e

L

- 13
J' i,

. ‘I\t’
S

Bt

Figure 14.5 The W dmanstatten F|gure 14.6 Normallsedwel dstructureof
sructureinasingle-passweld. Manual  a multi-passweld. Manual metal arc
metal arc welding, 200x magnification.  welding, 200x magnification.

When using afiller material, the properties of the weld metal are determined largely
by the composition of the filler material. In the case of deep penetrationinto the base
material, this also affects the propertiesof the weld metal.  When welding without a
filler, it isof course the suitability of the base material for welding that determinesthe
propertiesand quality of theweld.

Together withthe heat input, it isal so thecomposition of the base material that deter-
mines the changes in the properties of the base material in the HAZ. Thisappliesin
particular to the overheated zone which, in several respects, isthe most critical area.

Risks of cracking

If the heat input is low in comparison with the thickness of the surrounding metal,
cooling will be rapid and martensite may be formed. This means that hardness will
increaseand, in difficult cases, that therewill bearisk of hydrogen cracking and embrit-
tlement. It isgenerally accepted that the hardness should not exceed 350 HV, or some-
what more for micro-alloyedsteels. Figure 14.7 shows characteristic hardness contours
around aweld.

HV
2501

A =Wed

B = Overheated zone

C = Normalisedzone

D = Coarse grainedzone
E = Base metal

200+

L
150+

Figure 14.7 Typical hardnesses of various parts of the heat-affected zone in plain
carbon steel.
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To some extent, the risk of complications can be determined by calculation of the
equivalent carbon content, £, of the material:

+Cr+M0+V+Cu+Ni
5 15

A stedl isregarded asfully weldableif E, does not exceed 0.41. At higher values, it
isregarded as being weldableto a limited extent, which in general meansthat welding
must be accompanied by heating of the workpiecein order to reduce the rate of cooling.

Even if E, does not exceed these values, heating of the workpiece may still some-
times be necessary. For steelsin the minimum strength group, this meansthat heatingis
needed for meta thicknesses over about 50 mm, whilefor those in the highest strength
groupsit is needed for thicknesses over about 30 mm. In the case of plain carbonsteels,
temperatures over 200 °C are unlikely to be needed.

Asthe plain carbon steel shave been developed for usein welded structures, thereare
not normally any problems if welding is carried out correctly. However, for 'non-
standard' steels, and particularly for unkilled steels, thereisarisk of thermal cracking if
the materia containshigher levels of contaminating elements. In addition, if a material
not having a guaranteed impact toughness is used where such toughness is required,
thereisarisk of fracturesdueto brittlenessin the HAZ.

Welded plain carbon steel structurescan be stress-relieved at 550600 °C when this
isregarded as necessary.

E, = c+Mn
6

14.2 High-strength and extra high-strength steels

Steels having yield strengths from 450 MPa to 740 MPa, but meeting the E,< 041

weldability criterion, can be rolled in thicknessesfrom 2 mm to 14 mm. Most of these
steel scan also be cold formed, dueto their low sulphur content, a result of modem steel -
making processes.

TABLE 14.2 Stedl grades from Domnarvet.

Yield Ultimate
strength tensile
Swedish Ren strength, Ry, | Micro-alloying

Grade Standard MPa min MPa min. elements
Domex 220 220 320 Al
Domex 240 240 360 Al
Domex 280 | 2632-00 280 350 Al
Domex 310 310 380 Al+Nb
Domex 350 | 2642-00 350 420 Al+Nb
Domex 390 390 460 Al+Nb
Domex 420 | 2652-00 420 480 Al +Nb
Domex 490 | 2662-00 490 550 Al +Nb
Domex 590 590 650 Al+ Nb+ V(Ti)
Domex 640 640 700 Al+Nb+ V(Ti)
Domex 690 690 750 Al+ Nb+ Ti(V)
Domex 740 740 790 Al+Nb+ Ti(V)
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Cold forming alows partsto be produced that can then be joined to produce more
complex structures, thusreducing the total amount of welding needed. Table 14.3 shows
typical weldable cold-finished steelsof thistype.

Similar steels are also used for pressure vesselsand welded tubes and pipes, e.g. for
bulk gas or oil mains. or for district heating distribution pipes. It can be seen from the
table that there are many strengthclassesof Domex stedls. Hot-rolled stedl of thistypeis
also used for RHS sections.

Extra high yield strengths, in combination with good weldability, can aso be
obtained by hardening and tempering or by accel erated cooling after rolling. In Sweden,
hardened and tempered steel with acceptable weldability is manufactured by SSAB
under the name of Weldox. However, with yield strengthsabove 650 MPa, the £, value
will exceed 0.41.

The geometry of a weld also affects the dissipation of heat. In the case of, for
example, afillet weld, where three platesmest, it is necessary to consider the combined
metd thickness. Current rulesfor welding temperatures (BS 5135) express the working
temperature as a function of the combined thicknessof the materials, the tensile energy,
the hydrogen content of the weld metal and the £, value. Only filler materials with

guaranteed low hydrogen content should be used.
TABLE 14.3 Steel wades from Oxeldsund

Yield
strength, | Ultimate
Thick- | ReH tensile Corresponding
ness MPa strength, standards Heatment
Grade (mm) min. Rm (MPa) EN ASTM treatment
Weldox 355 8-16 355 450-610 10113-3 - Acc
(16)-25 | 345 450-610 ="
Weldox 420 6-16 420 500-660 10113-3 A678B | -"-
(16)-40 | 400 500-660 -7
Weldox 460 6-16 460 530-720 10113-3 A 852 -
10137-2
(16)-40 | 440 530-720 -7
Weldox 500 8-16 500 570-720 10137-2 A678C, | -"-
A 678D
(16)-40 | 480 570-720 QT
Weldox 700 4-50 700 780-930 10137-2 A5148 -7
Weldox 900 4-50 900 940-1100 10137-2 -7
Weldox 960 4-50 960 980-1150 10137-2 -
Weldox 1100 | 5-40 1100 1200-1500 -

Hardened and tempered Weldox stedl is available with yield strengths up to
1100 MPa, as shown in the abovetable. Steels corresponding to the micro-alloyed hot-
rolled Domex steel sand the hardened and tempered Weldox steel sare also manufactured
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in Germany, the UK and France. However, the Swedish weldable high-strength steels
have long been the European market and performanceleaders.

European standards for high-strength hot-rolled steels are being drafted in yield
strength steps of 500 MPa. Work on an EN standard covering such aspects as lowest
recommended working temperaturesisalso in progress.

Stainless steels

This group of steelsconsistsof those that include chromium as an alloying element in
concentrations of about 12 % or more. At these concentrations, the surface of the metal
forms a thin, tough film of oxide, protecting the material from attack when exposed to
corrosive gaseous or liquid phase environments. The same mechanism increases the
scaling temperature of the material, as compared with that of plain carbon steel. Other
aloying elements are added in order further to improve corrosion resistance to various
solutions: the most important of these elementsare nickel and molybdenum.

The effect of alloying constituents

Alloying elementscan be divided into two main groups, depending on their effect in the
temperatureranges whereferrite or austeniteare stable phases. They are referred to as
austenite or ferrite forming elements. Austenite forming elements include nickel,
manganese, carbon and nitrogen, while ferrite forming elements include chromium,
molybdenum, silicon and niobium. The austenite forming elements extend the steel's
austenite zone as concentrations increase, while ferrite forming elements reduce the
zone astheir concentrationsincrease.

Nickel equivalent, E\;= %Ni + 30 x%C + 0,5x %Mn
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Chromium equivalent, E, = %Cr + %Mo + 1,5 x%Si + 0,5 x%Nb
Figure 14.8 A Schaeffler diagram of the worked example described on Page 147.
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The Schaeffler diagram shows how the structure of the material is affected by
varying concentrations of austenite and ferrite forming elements. A variation of thisis
the DeLong diagram (Figure 14.9), which also shows the nitrogen content of the
material. By calculating the equivalent chromium and nickel concentrations of the
materia from the diagrams, it is possibleto estimate the structure of the weld metal. The

diagrams do not apply for welds that have been heat-treated, and nor for the base
material affected by the weld.

Nickel equivalent, Eni= %Ni + 30 x%C + 30 x%N + 0,5 x %Mn
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Chromium Equivalent, E, %Cr + %Mo + 1,5 x%Si + 0,5 x%Nb

Figure 14.9 A DeLong diagram.

As, depending on the type and quantities of aloying elements, the structuresof the
materialsin the group differ, giving them differing physical and mechanical properties,
corrosion resistances and weldabilities, they have been divided up into the following
groupsfor continued discussion:

+ austenitic steels

« feritic steels

+  martengitic steels

+ ferritic-austenitic steels

« martensitic-austenitic steels

14.3 Austenitic steels

The main applications for these stedls are for domestic items, such as sinks and sauce-

pans, and for pipesand pressure vessals requiring good corrosion resistance in the chem-
ical, cellulose, building and food industries.
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Alloying elements

Augtenitic steels contain about 12-27 % chromium and 7-30 % nickel. They are non-
magnetic, and cannot be hardened by heat treatment. They are normally delivered in the
austennealed state, which has required rapid cooling from a temperature of about 1050
1100 °C. Depending on the intended application, they often include about 2-3 %
molybdenumas an alloying element, which increasesthe corrosion resistance.

TABLE 14.4 The main types of stainlesssteels (from MNC Handbook no. 4).

Composition limits asgiven in Swedish Ferro-
Group Standards for steelswithin the group ! Hardenability | magnetic
C Cr Ni Mo
% % % %
Ferritic 0.08 12-13.5 - Cannot be Magnetic
0.08 16-19 - 25 hardened
0.20 24-28 -
Marten- 0.09-035 | 11-14 - 1.2 Hardenable Magnetic
sitic 0.14-0.23 | 15.5-17.5 | 25 -
Marten- 0.10 12-14 5-6 - Hardenable Magnetic
sitic- 0.05 15-17 4-6 0.8-1.5
austenitic
Ferritic- 0.030 18-26 4-8 0.1-5.0 | Cannot be Magnetic
austenitic nan 24-27 4.5-7 1.3-1.8 | hardened
Auste- 0.12 16-19 6.5-9.5 - Cannot be Non-mag-
nitic—Not | 0.07 17-19 8-11 - hardened netic
including 0.05 17-19 8-11 -
Mo as gab.) 17-19 8-11 -
aloying 0.030 17-19 9-12 -
constitu- 8-12 -
ent
Auste- 0.10 16-19 8-10 1.3-1.8
nitic — 0.05 16.5-18.5 | 10.5-14 2.0-3.0
With Mo | giap.3) 16.5-18.5 | 10.5-14 | 2.0-2.5
asaloy- | 0,030 16.5-18.5 | 11-17 2.0-4.0
ing con- 0.025 19-28 24-34 3.0-5.0
stituent 0.020 19.5-20.5 | 17.5-18.5 | 6.0-6.5
Auste- 0.08 24.0-26.0 | 19.0-22.0 | -
nitic, heat- | 0.04-0.06  18.0-19.0 | 9.0-10.0 -
resistant

1)May include other deliber ately added alloying elements, e.g. N, Cu, Al or Ce
2)Stabilised with Ti or Nb
3)Stabilised with Ti

Carbon concentrations are normally below 0.05 %, or below 0.03 % for ELC steels
(Extra Low Carbon). Certain materials have higher carbon concentrations, of about
0.08%. In order to prevent chromium carbides from forming during welding, alloying
elements in such steels must have a higher affinity for carbon than does chromium:
suitable elements are titanium and niobium. Steels with thiscomposition are referred to
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asstabilised steels. Thefigure below showsthe microstructureof an austenitic steel after
austennealing.
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Figure 14.10 The microstructure of an austeniticsteel containing 18 % chromiumand
8 % nickel. Magnification: 500 x.

Ferrite formation

Although the heating and cooling caused by welding does not produce any significant
structura changesin austenitic material, secondary phases can be formed under certain
conditionsin the weld metal and HAZ. The most important of these phasesis ferrite,
which has both beneficial and adverse effects on the propertiesof theweld. Thefigure
showsan austenitic weld with about 8 % ferrite.

F|gure 14 11 Sectlon through an austenmcweld containing about 8 %ferrite:
magnification, 500 x.

The beneficia effect of ferriteisthat it largely preventstheformation of hot cracksin
the weld, partly because it dissolves elements such as sulphur and phosphorus, which
would otherwise segregate and substantialy increasethe risk of cracking asthe stresses
inthe weld increase. Modern methodsof steelmaking have madeit possibleto produce
filler materials that give ferrite-free welds with good hot cracking resistance. They
contain relatively high proportions of manganeseand low levels of sulphur and phos-
phorus.

The adverseeffect of ferritein theweld metd isthat it can be selectively attacked by
certain corrosivemedia. Asthe grain boundary ferriteis contiguousat concentrationsof
about 10 % and above, failures caused by corrosioncan occur in such cases. Thismeans
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that it is necessary to use a filler materid giving consderably lower ferrite concentra-
tionsfor structureslikely to encounter such corrosion conditions.

At operating temperaturesin the 550-900 °C range, ferrite is converted to whet is
known asthe sgma phase, which reducesthe ductility of the materid. However, thisis
generdly of little practical importance, if theferritecontent of thewed meta islessthan
about 5 %.

A radical way of avoiding adverse effectsof ferriteinthewdd metd is, of course, to
anned the materid a about 1100 °C, thus dissolving the ferrite and stabilising the
audenite. However, thisisoften not feasiblefor practical reasons.

Intercrystalline corrosion

A mgor problem when welding austenitic steels was previoudy the need to avoid
carbide precipitationsat the grain boundaries. These carbidesare chromium-rich, and
therefore reduce the chromium concentration in the austenite adjacent to the grain
boundaries, thus creating the conditions for intercrystaline corroson, as shown in
Figure 14.12 and 14.13.

Chromium carbides are formed morerapidly in steel s with higher carbon concentra-
tions, as can be seen in Figure 14.14. If the hedting time a a certain temperature is
longer than indicated by the respective curve, carbide will be precipitated, a process
known as sensitising. Austenitic steel with a low carbon concentration can generaly
withstand the effectsof this unfavourabletemperaturerange for a sufficiently long time
to dlow welding to be carried out without risk of carbide precipitation. A materia
containing 0.056 % carbon, for example, can be held at 700 °C for up to about seven
minutes without intercrysta linecorraosionoccurring during subsequent testing.

Nevertheless, when working in thick metas, welding should be carried out with a
controlled heet input. ELC sted isthereforechosen for certainapplications, asit can be
heated for about ten hours without carbide precipitation: an dternativeis the use of
stabilised materid.

Figure 14.12 Intercrystalline corrosion at aweld in austeniticsteel.

Stress corrosion

Under certain circumstances, austenitic stedls are sendtive to stress corrosion, e.g.
caused by residual welding stressin materialsin contact with chloridesor sirongly alka-
linemedia Other materialsshould be used if it isfelt that therecould be arisk of stress
corrasion: examplesincludeferritic-austeniticsted sor austenitic steel swith high nickel
contents.
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Figure 14.13 Section through an area of intercrystalline corrosion: magnification, 300 x.
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Figure 14.14 TTS diagram for austenitic steel with 18 % chromium, 8 % nickel and
varying carbon concentrations. (T7S = Time-Temperature Sensitisation).

Tool steels

Austenitic tool stedl, ie. sted intended particularly for chip-cutting machining, is
regarded as having poor weldability, as its high sulphur content of about 0.2 % intro-
duces a risk of therma cracking in the weld. However, tool steels containing a
maximum of 0.05 % carbon, 0.20 % sulphur and more than about 1.5 % of manganese
haverelatively good weldability. Asthe manganese combines with the sulphur to form
manganese sul phide, precipitation is avoided, which reducesthe risk of cracking. This
can be further guarded against by usingfillerssuch as18 8 manganeseor 2312 L. This
latter filler metal hasaferrite concentration of about 15-20 %.

Welding stresses

In comparison with those of plain carbon steels, the coefficient of thermal expansion of
austenitic steelsis about 50 % greater, while the coefficient of thermal conductivity is
about 40 9% less. Thismeansthat therewill be more contractionin awelded joint, so that
welding must be carried out with particular consideration of possible distortion. It is
generdly sufficient to weld with alow heat input, with careful planning of the work and
of the order in which weldsare to be made, and to apply the weldssymmetricaly.
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Stressrelieving of the stressesintroduced in the structure by weldingiscarried out at
850-950 °C or 400-500 °C. It isimportant that temperature rangesat which carbide can
formareavoided in al hest treatment.

Ferritic steels

Ferritic steelsare used in many of the same applications as austenitic steels, i.e. in the
food, chemical and cellulose industries. However, there are some applicationsin which
their performanceis superior, i.e. for use in sulphurous atmospheres, in which the pres-
ence of nickel reduces the resistance to corrosion, and in environments with modest
chloride concentrations, where ferritic steel shave better resistance to stress corrosion.

The mainalloying lement in ferritic steel ischromium, in proportions between12 %
and 30%. Carbon content is generally lessthan 0.1 %. Thereare also Extra Low Inter-
dtitial (ELI) steels, with very low carbon and nitrogen concentrations, of less than
0.03%, having better corrosion performancethan normd ferritic steels and better weld-
ability. Ferritic steel sare magnetic and non-hardenable.

I'n comparison with austenitic steels, ferritic steelsare not aseasily welded. Thereis
significant grain enlargement in the HAZ, with carbides being precipitated at the ferrite
grain boundaries, resulting in embrittlement of the weld and reduction of its corrosion
resistance. Thisembrittlement introduces a certain risk of brittle cracking occurring as
the weld coolsto the brittle transition temperature of the material at about 100-200 °C.
In addition, thereisarisk of transverse shrinkagecracksin theweld metd asit coolsand
stressesrise. These potential problems are countered by heating the area to about 200-
400 °C, which reducesthe temperature and stressgradients.

Materials must be stress-relieved at 750-850 °C for 30-60 minutes in order to give
optimum strength and corrosion resistance of a weld. This relieves the stresses intro-
duced by welding and spheroidises the precipitated carbides. If the sted has been stabi-
lised by the inclusion of titanium as an alloying element, stress relief to improve
corrosion resistance can sometimes be omitted, as carbide precipitation that degrades
corrosion resistance does not always occur when welding such metals; at any rate, not if
themetal thicknessislessthan about 2 mm.

Steels containing more than about 20 % chromium form significant sgma phase
ferrite at temperatures between 550 °C and 800 °C: if the sted contains molybdenum,
this sigma phaseformation extendsto higher temperatures. This phaseis brittle, and so
substantially reduces the ductility of the metal and increasesits ultimatetensile strength.
Annealingin thistemperaturerange is therefore inappropriatefor these steels. Thetime
needed to separate the sigma phase at any given temperature is very dependent on the
composition of the steel, but sigma phase ferrite can form in weld zones when welding
thick workpieces.

Another type of embrittlement, known as 475 °C embrittlement, can occur if the
material is heat-trested in the temperature range of 400-550 °C.

Welding can be carried out, using afiller of the same material or of austenitic stedl.
Thelatter, with anickel content of about 20 %, producesthe best ductility of the weld.

Martensitic steels

Martensitic steel's have chromium concentrations between about 12 % and 18 %. They
contain more carbon than ferritic steel s (about 0.1-0.3 %), which meansthat they can be
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hardened. This is done from about 1000 °C by quenching in oil or air, followed by
annedling at 300-750 °C. These steelsare magnetic.

Typical applications for them are where there is a need to combine hardness with
corrosion resistance: examples include turbine blades, cutting tools, knives, razor
blades, scissors, cleaversetc. Tableknives and surgical instrumentsare other examples.

Asthese steels are air-hardening, there is always a hard and often brittle zone in the
base material close to the fusion line, which means that these steels have poor welda-
bility in comparisonwith that of other stainlesssteels. In order to reduce, to someextent,
the hardness peak in this zone, these steels must always be welded at a prescribed
preheating temperature. A suitable temperature depends on the materia dimensionsand
type of joint/structure, but is generally in the range of 200-400 °C. In addition, welding
must be followed by heat treatment at 650-750 °C for 30-60 minutes. |If stress condi-
tionsin the structure are complicated, this heat treatment should be carried out immedi-
aely after welding, i.e. without alowing the workpiece to cool to room temperature
between welding and heat treatment. However, in order to ensure complete metal lur-
gica structure conversion of the metal, the temperature of the workpiece must not
exceed about 150 °C when hest treatment starts.

If the workpiece is welded in the hot state and then heat-treated, there is a risk of
hardening cracks in the transformation zone. Thereis aso arisk of brittle cracking, as
the material has a relatively high brittle transition temperature, and welding-induced
stresses in and around the weld zone are significant. In addition, there is a risk of
hydrogen embrittlement in the HAZ, particularly if damp electrodes have been used.
Further, if using afiller materia of the same metal asthe base materia, thereisarisk of
transverse cracksin the weld metal, and so austenitic fillersare often used to reducethis
risk. Thisalso reducestherisk of brittlefailure.

Particularly with complicated structures, it is usual to butter the joint faces with an
austenitic filler metal. Each part of the workpieceistreated separately and heat-treated.
The austenitic layer is built up to a sufficient thickness to ensure that no metalurgica
change occursin the base material when the final weld is made.

Ferritic-austenitic steels

Femtic-austenitic steels, which have attracted increasing interest since the 1970s, are
often known as duplex steds. A characteristic of them is that they combine excellent
corrosion resistance with high mechanical strength.

These stedls find their main application area in the offshore industry, where their
properties are particularly suitable for use in a high-chloride environment. Their high
strength, in comparison with that of austenitic steels, a so bringsdividendsin the form of
lighter structures. The cellulose, chemical and petrochemical industries are other areas
in which they are being increasingly widely used.

Steels in this group are characterised by chromium contents of up to 29 %, nickel
contents of the order of 58 % and molybdenum contentsaround 1 4 %. The carbon
contentisusudly low, at lessthan 0.03 %.

Another element that has shown itself to be very important in determining the welda-
bility of ferritic-austenitic steels is nitrogen, which may be present in concentrations up
t0 04 %. When welding, theweld pool solidifiesprimarily with afully ferritic structure,
with the austenite forming at alater stageasthe temperaturefalls. See Figure 14.15.
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«+——Ni+N Cr&Mo —p

Figure14.15 Pseudo-binary phase diagramfor ferritic-austenitic steel.

The formation of austenite starts at the ferrite/ferrite grain boundaries, and grows
inwardsin theferrite grainsto producea structureas shown in Figure 14.16.
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F|gure 14.16 Microstructure of theweld metal and the HAZ in ferritic-austenitic steel.

The presence of nitrogen as an effective austenite forming eement acceleratesthis
process, to produce the correct metallurgical structure of the wed without requiring hot
welding or subsequent heet treetment.  Older types of ferritic-austenitic steel, such
AISI 329, with no nitrogen and a high proportion of ferrite, become dmost entirely
femticin azone closeto thefusionline, which degradesboth the mechanica properties
and corrosionresistance. It is necessary to provide heat trestment at about 100-200 °C
tocorrect this.Ferritic-austenitic steelsshould not bewelded at either too low or too high
aheat input. A low heat input can result in too rapid a rate of cooling, which forms
chromium nitridesthat can adversdly affect corrosonresistance. Too high a hest inpui,
on the other hand, in combinaion with high temperature between passes, produces
dgma phase (among other effects), which degrades both corroson resistance and
mechanica properties.

Weldingshould be performed using afiller of smilar materid, but with about 2-3 %
higher nickel concentrationin order further to ass st austeniteformationand to producea
ferrite concentrationin the weld meta similar to that of the base metd. This ensures
optimum characteristics of the weld metd in respect of corrosion resistance and
mechanica strength.
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Martensitic-austenitic steels

Applicationsfor this steel group include water turbines, propellers, machine parts and
structural stedl in general.

These steels are magnetic, and have an approximate analysis of 0.04-0.08 % carbon,
13-16 % chromium, 56 % nickel and 1-2 % molybdenum. They can be hardened by
guenching in oil or air from about 1000 °C, which produces a martensitic structure,
possibly containing some residua austenite. Subsequent tempering at about 600 °C
forms austenite, which is so stable that it is not converted to martensite as the material
cools to room temperature. As a result, the fina structure contains about 65-80 % of
tempered martensite, with the rest being austenite, which means that the material has
considerably better ductility than fully martensitic steel. These steels therefore have
good wel dability when tempered.

It is not generally necessary to preheat the workpiece, and nor is there any greater
risk of crackinginthe HAZ. That part of the HAZ that is heated to such a high temper-
aure (over about 900 °C) that it is converted completely to austenite will be converted
mainly to martensite by the subsequent cooling to room temperature. Tempering restores
the martensitic/austenitic ratio of the base material in this zone.

The weldability of these steels is relatively good. Austenitic fillers are generaly
used, although this sometimes resultsin the strength of the weld metd being lower than
that of the base material.

Welding of dissimilar materials

There is often a need, when fabricating stainless steel structures and/or when incorpo-
rating them in other plant, to weld stainlesssted to plain carbon or low-alloy steels. In
addition, different types of stainless steels often have to be welded to each other. In
order to obtain the best performance of such joints, particular attention must be paid to
the metallurgy of the weld metal. For this purpose, the Schaeffler diagram is a good
help. In general, the following methods of working can be employed when deciding on
the appropriate choice of filler material.

The position of the materia in the Schaeffler diagram is determined from its
chromium and nickd equivalents, and a straight line is then drawn between the points.
Similarly, the position of the proposedfiller material is plotted. When welding symmet-
rical joints, it can be assumed that the joint surfacesof the base material will be more or
lessequally melted. A straight line can therefore be drawn between the position of the
filler material and the centreof theline between the base materials. In general, about 20—
40 % of the filler materia will be 'diluted' by the molten base material, with the result
that the structure of the weld metal will be asindicated by a point about 20-40 % of the
way aong the line from the position of the filler materia. If this structure is suitable,
then the proposed filler material can be used. If it is not suitable, repeat the above
procedurefor afiller having a different composition.

The Schaeffler diagramin Figure 14.8 showsan example of the above for the case of
alow-alloy stedl (A) beingwelded to stainlesssted! (B), using 2312 2 L filler (D). This
givesaweld metal structure asshown at point E, i.e. austenitewith about 10 % ferrite.

Thefiller material to be used for joining the two materials must also be selected as
described above when welding compound materials consisting of plain carbon and high-
aloy materials. The same appliesfor selection of the filler materia for the first layer of
stainless material to plain carbon or low-aloy steel.
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15 Design of welded components

15.1 Introduction

Determining the required design parameters of a welded joint can be relatively time-
consuming, and sometimes complicated. Thischapter isaimed at the design/production
unit, with the objective of explaining how the designer thinks when designing a welded
joint. Only exceptionally are absolute design rulesreferred to: instead, the presentation
concentrates on practical advice and suggestions, aimed a producing an optimised
design in terms of strength, weight, performance, ease of manufacture and overal cost.
Those who are interested in more detailed design requirements should turn to references
[11,[2],[3],[6] or [7]: seePage 170.

15.2 Symbolic representation of welds on
drawings
A welding symbol on adrawing consists of:

- Anarrowline(l)
« Oneor two reference lines (2)

——— — — —
« Aneéementary symbol (3) \
 Possible supplementary symbols

+ Dimensionsof the weld

Figure15.1 Symbols used on welding drawings.

Symbolic presentation of weldson drawingsare given in ISO 2553, reference [4].

No| Designation Weld Symboi No| Designation I Weld Symbol
1 [Weld in plates with 8 |Single-J butt weld =
raised edges @ JJ \\ 9 V
2 | Square butt weld ” 9 | Backing run @ g
3 | Single V-butt weld @ \V/ 10| Fillet weld @ B
Ly
Singel-bevel butt weld V 11} Plug weld @ M
5| Single-V butt weld 12| Spot weld
with broad root face Y
6 | Single-bevel butt weld
with broad root face _ I/_ 13] Seam weld
7 | Single-Ubutt weld
(paraiell or sioping | gma? | Y
|| sides)

Figure 15.2 Examples of elementary symbols.
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Elementary symbols and supplementary symbols

In generd, the elementary symbol is similar in shape to that of the welded joint (i.e.
before welding, indicating how the meta sheetsare to be prepared for welding). Exam-
ples of elementary symbols are shown in Figure 15.2. |If the unbevelled edge exceeds
2 mm, thejointisasingle-V butt joint with broad root faces (Y). If nat, it isasingle-V
butt joint.

Supplementary symbols may be used, in combination with the elementary symbols:
see Figure 15.3. Absence of supplementary symbols means that there are no specific
requirementsin respect of the shape of the weld surface.

Shape of weld surface Symbolx Designation Illustration{ Symbol
a) Flat (finishedRush) Flat single-V butt weld | 7Y | \/
b) Convex . Convex double-V weld | 7Z28Y X
¢) Concave - Concave fillet weld % %
Flat single-V butt weld | 7ZZ2\Y | )/
d) Toes shall be . 1 , with flat backing run _
blended smoothly | ™~ Single-V butt weld -,
with broad root face | e -
€) Permanent backing | (7] and backing run
strip Flush finished single-V | |
butt weld ARSI/
f) Removable backing | fizg] Fillet weld with smooth «
strip blended face b X

1) Symbol in accordance with ISO 1302, instead of this symbol the main symbol v~ can be used

Figure 15.3 Supplementary symbols.

The importance of the reference lines

The position of the elementary symbol on the reference lines indicates on which side of
the arrow line that the weld is to be placed. The upper, solid line (which is recom-
mended to be terminated by atail showing that the representation refers to ISO 2553)
indicates aweld on the arrow side. In this case, the elementary symbal is placed on the
solid line. The lower, interrupted lineindicatesaweld on the other side. Inthiscase, the
symbol 'hangs below the interrupted line. See Figure 15.4 and Figure 15.5.

Other side Arrow side Arrow side Other side
/Tg__< m

INOOOOUINIOMONNONTNNY NN SUONMSNOINNNNNY
Weld on arrow side Weld on other side

Figure15.4 A T-joint with onefillet weld.
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Other side Arrow side Other side Arrow side
of joint A of joint A of joint A of joint B

Joint A
Joint B

Arrow side a Other side Arrow side Other side
of joint B of joint B of joint A of joint B

Figure 5.5 Acruciformjoint with two fillet welds.

The interrupted reference line is not used for fully symmetrical welds. examples are
shownin Figure 15.6.

L L

Figure 15.6 Examples of symmetrical welds.

The position of the arrow line

In general, there is no significance in the position of the arrow line in relation to the
weld, except in the case of single bevel butt welds and single-J butt welds where the
arrow of the arrow line must point towardsthe plate that is prepared. See Figure 15.7.

%r_L_ —

Desired weld Symbol on drawing
Figure /5.7 Positionof thearrowline.

Dimensioning of welds

The dimensions of the cross-section of the weld are shown to the left of (before) the

elementary symbol (e.g. penetrationfor butt welds, leg length or throat thicknessof fillet

welds). Writethe length of the weld to the right of (after) the basic symbol.

E.g.. 513D indicatesa square butt weld, with 5 mm penetration and a length of 300
mm.

z10n indicatesa continuousfillet weld with aleg length of 10 mm.

z8N\  5x200 (100) indicates an intermittent fillet weld with a leg length of
8 mm, divided up into five 200-mm-long welds, spaced 100 mm (end to

end) apart.
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Complementary symbols

Whenaweld isto be applied all the way round a part, the symbol isacircle asshownin
Figure 15.8a. Field or site welds are shown by means of a flag, as shown in Figure
15.8b.

Figure 15.8 a) Peripheral weld. b) Field or site weld.

Further information can be given after the tail, in the following order:

« process(e.g. in accordance with ISO 4063);

- acceptanceleve (e.g. in accordance with ISO 5817 and ISO 10042);
- working position (e.g. in accordance withISO 6947);

- filler metd (e.g. in accordance with ISO 544, ISO 2560, 1SO 3581).

The variousitemsshould be separated by dashes (/).
In addition, reference can be made to specific instructions (e.g. a procedure sheet)
using asymbol in aclosed tail, asshownin Figure 15.9.

A1

Figure 15.9 Reference informution.

15.3 Welding classes

The welding classes are given in ISO 5817, reference [5].

If the designer has specified awelding classon a drawing, this has been donein order
to ensurethat the production unit is aware of the quality requirements applicable to the
joint. ISO 5817 specifiesthree different qudity levels: B, C and D, with Class B being
the strictest. The standard includestablesthat specify different typesof defects, and how
largethey are permitted to be in the various quality levels.

Class D is usually used for non-load-carrying partsor in structures subjected to only
low static loads.

Parts subjected to high static loads are normally welded according to Class C.

Parts subjected to fatigue loading are normally welded in Class C or Class B, with
the additional requirement that the transition between the weld and the workpiece mate-
rials must be smooth. In extreme cases of fatigue loading, there may be a requirement
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that the edges of the weld must be ground or TIG-treated to produce a rounded shape
(e.g. witharadiusof at least 4 mm).

15.4 Residual stresses in welds, weld distortions

Residual stressesaways arisein welded structures, due to the fact that the molten weld
metd contractsasit cools. If the adjacent parts cannot withstand this shrinkage, distor-
tion will result. If thisis not the case, then residual stresseswill arisein the weld, or a
combination of distortion and residual stresses.

Residual stressesin the weld in the longitudinal direction of the weld often amount to
the yield strength of the material, or to just below it. In the transverse direction, the
stresses in the weld are more dependent on the clamping condition of the parts. The
transverse residua weld stresses are often relatively small, although transverse distor-
tionissubstantial. Seereference|[6] for further information.

Somesimpleguidelines:

« Higher heat input means that the zone in which residua weld stressesare high will
be larger. In addition, compressive stresses a little way away from the weld will
increase, as shownin Figure 15.10.

« Thermal cutting producesresidua stressessimilar to those caused by welding.

- If the parts are not restrained for deformations, preheating the parts can reduce the
residual stresses. If, however, the parts are clamped, then the residual stresseswill
increaseif the partsare preheated.

cSrES
A,
\ 4 : . High heat input
(S
| j %
LT?”,SiQ”.\\
T N T 1 1
Compression .

| \ J ]
Figure 15.10 Longitudinal residual stressesin a butt weld. Aread; = 4.

In the case of thin-walled components, exposed to arisk of buckling, considerations
must be takento the reductionin buckling resistanceas aresult of the areacontaining
residual compression stresses, as shownin Figure 15.10.

. When designing to resist fatigue and brittle failure, considerations must be taken to
the longitudina residud tensile stressesaround the weld.

. Residua stresses can be partly reduced by stress-relieving the component while
alowing it to expand.

. Producing the welds in such a sequence that the parts of the workpiece can move
during the welding operation can reducethe residua weld stresses.
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Table 15.1 shows some material datathat affects the residual weld stresses/distor-
tions. High thermal conductivity meansthat a larger areawill be heated up by welding,
thusincreasing distortions. If the material hasa high thermal capacity, more heat can be
stored into it, thus also increasing the distortions. The greater the coefficient of thermal
expansion of the material, the greater will be the distortions. Figure 15.11 showswelding

distortionsfor different materials.

——

o Aluminium
4]
E4
=
£
w
o /
% i
2 d)y Stainless steel
: W/ Steel
= o
= =
Heat input

Figure 15.11 Schematic weld distortions

TABLE 15.1 Some material data that affects the residual stresses/distortions of welds.

Stainless
Property Steel steel Aluminium
Coefficient of thermal conductivity (W/me°C) approx.50 | approx. 25 235
Thermal capacity (J/kg°C) approx.450 | approx. 500 920
Coefficient of thermal expansion (°C-1) 11-10°® 17-10°6 241076

15.5 Design consideration

Load and stress distribution

When subjected to aload, a stressflow spread through, and acts on, the various partsof
the structure. Changes in the geometry interfere with this stress flow, giving rise to
stressconcentrations, as shownin Figure 15.12 a—d.

frptpy 4
l

i e
I

- T

LA

itk okl

a) consistent

stress flow b) circular hole

b

i

¢) notch

Figure 15.12 Examples of changes in stress flow.
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These stress concentrations are of less importance in staticaly loaded structures.
Although, strictly, some parts of the material may be stressed to beyond their yield
strength limit, thisdoes not actualy involve any safety risk, as parts of the materia will
simply yield and redistribute the stresses.

Figure 15.13 Schematic stress flow in various types of wel ded; oints.

The situationis different, however, in structuressubjected to fatigue loads. In such
cases, the stress concentrations are vita in determining the overall strength of the struc-
ture, so that care must be taken in the design to avoid stress concentrations. Asfar as
welded joints are concerned, the welds themselves constitute a stress concentration, as
shown in Figure 15.13.

Design to transfer local forces

A mainruleof designisthat partsshould be arranged so that forcesaretransferredin the
plane of the material, and not perpendicular to it. If an applied forceactsin the plane of
the material, then the materid is used to its maximum (resulting in tensional, compres-
siveor shearing stresses).

=

AV AAAIAI ISV,

Vi
- Force transferring
F section

I i zliiiizzid

Figure /5.14 Marked surfacesact like shells.
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If, instead, the load is applied perpendicularly to the plane of the sheet, it will act like
a plate and be subjected to bending, which in turn meansthat al of the materia cannot
be used to its maximum. Figure 15.14 shows the parts transferring the forcesin an I-
beam.

If follows from this, that if a hanger eye is to be attached to a beam, it should be
designed as shown in Figure 15.15.

Lo/ |

‘F i F
Figure 15.15 Beamwith a hanger eye.

Figure 15.16 is an exampleof how not todesign. If the hanger eye must be arranged
perpendicular to the web of the beam, reinforcements could be applied as shown in
Figure 15.17, which will transfer the load to the web of the beam. Thiswill then replace
the undesirableload on the bottom flange by a more favourable application of the force
in the plane of the reinforcements.

Ie

Figure15.16 A hanger eye welded to the flange of abeam-poor design.

| \of

F =

Figure 15.17 Reinforcements transfer the load to the web of the beam.
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Figure 15.18a shows a completely wrong position for positioning a hanger eye,
giving riseto high bending stressesin the web. Figure b showsa better way in which the
forcescan betransferred into the plane of the flanges.

b) c)

F F

Figure 15.18 a) showsa poor design, which has been improved as shown in Figure b).
| f the beam is subjected to horizontal forces, the attachment should be arranged as
shownin Figurec).

Design as determined by the type of load

Thefollowing order of prioritiescan be recommendedfor dealing with the various types
of load encountered in astructure:

1Tensleloads 4. Bending loads
2.Compressive loads 5. Torsiond loads
3Shear loads

Tensileloads

An excellent result will be achieved if it is possibleto design the various el ements of the
structure such that they are subjected mainly to tensile stresses. The entirecross-section
of the material then playsits part in carrying the load, thus utilising the material in the
optimum manner to producelight, cheap designs.

Compressiveloads
Arranging for the loads in the structure to be carried as compressive |oads also makes
good use of thematerial. However, the strength of aslender structure can be reduced by
the risk of buckling or other instability phenomena. The critica buckling load isinde-
pendent of the strength of the material. This meansthat, when designing dender struc-
tures in which the risk of buckling determines the load-carrying capacity, it does not
help to choose an aternative material having higher structura strength.

On the other hand, the modulus of easticity of the material plays a decisive part in
determining the load-carrying capacity of slender structures.

All structural steels have the same modulus of elasticity, E=2,1-10° N/mm?, while

that of aluminium is much lower a E=0,7-10° N/mm?.

In the case of dender structuresthat are welded and subjected to compressive loads,
the longitudinal residual compressive stresses acting on each side of the weld, also have
a negative effect on the load-carrying capacity. In the case of cistern-like structuresin
particular, the true buckling stressis considerably lower compared to theoretically calcu-
lated buckling stress.
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Shear loads

When part of astructure transfersthe load by shearing, it actsasashell, whichis favour-
able: see section on page 156. However, thereisarisk of shear bucklingin the case of
thin walled shells. The load-carrying capacity will then be reduced in a similar way as
for buckling under compressive loading.

Bendingloads

If it is not possible to avoid having to transfer the loads by bending the structural parts,
the first step isto attempt to place the material as far away from the centre of gravity of
the cross section as possible. Figure 15.19 shows two cross sections having the same
cross-sectional areas. |If exposed to equal bending moments(A4,), the stressesin section

b) will be many times higher compared to those in section a).

a) +G b)
(- —
4 .
My My
! O
T s
— 1
-0

Figure 1519 Bending stresses

Torsional loads

It is particularly unfavourableto attempt to transfer torsional loadsin open, thin-walled
sections. Welded structuresare often of thistype. If, instead, the opening can be closed,
torsional resistancewill be substantially increased, as shown in Figure 15.20.

CZZ27725\

rrzzrrIrIrrIIr ) J
Figure 15.20 a) Torsion-resistant, closed b) low torsion-resistance, open.

Every cross section hasa point - centre of torsion - to which an externa force can be

applied without imposing torsional |oads upon the section. Figure 15.21 showsexamples
of the position of the centre of torsion in a number of common sections.

CT
cG _ ] [ C.T
cr=ce CT=CG CcG' ﬂ
CT. a °CG, p

cT cT
Figure 15.21 Centre of Torsion (CT) for a number of sections. CG = Centre of Gravity.
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Desagn toresst corroson
Considerationscan be madefor corrosion at the design stage asfollows:

+ Designthe structureto avoid corrosion.

+ Design the structure so that it is easy to apply corrosion protection, and < that the
corrasion protection can easily be maintained.

» Design the structure with an allowance for corrosion (rust allowance), i.e. so that
some corrosion can occur without risk of failure or leakage.
It isimportant to avoid pocketsand cranniesin which dirt and water can collect, as
shownin Figure 15.22.

\Y

\

Drain hole

Figure 15.22 Designingto avoid corrosion.

If it is not possibleto avoid areas where water can gather, drain holes of at least 20
mm diameter should be provided in appropriate positions.

Unsuitable shape Suitable shape Unsuitable shape Suitable shape

Figure 15.23 Avoiding corrosionaround welds
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The structure should be designed so that narrow gapsare avoided, as shown in Figure
15.23. Use butt weldsinstead of overlap welds. If overlap welds cannot be avoided, they
must be applied all the way round the material, taking particular careto avoid pores.

Rust protection can be applied by hot zinc-coating. Enclosed volumes, as shown in
Figure 15.24, must have openings in order to prevent bursting effect when immersedin
the solution of zinc.

QV/ Usable Good
Figure 15.24 Designing for Zinc-coating.

Design for production

Product costs can be kept down, unnecessary work on the shop floor can be reduced and

overal quality can beimproved if, right at the initia sketch stage, the designer carefully

thinksthrough the production aspects of the design, and understandshow the particular

production processoperates. Some general pointsare asfollows:

. Use standard rolled or extruded profiles, or steel castings, as far as possible, which
will minimisethe amount of welding required.

«  Weding can be reduced, and the number of parts kept down, by bending sheet mate-

AL 1

Figure 15.25 Welded and bent parts. Alternativeb) isgenerally preferable.

a)

. Use rational welding methods, such as spot welding, arc welding, friction welding

€tc.
. Consider the accessibility of partsto be welded (and accessibility for inspection and
maintenance).

. Tryto positionjointsso that the required welding position is comfortable. Horizontal
welding is preferable to overhead welding.

. Chooseasuitable groove, having the minimumfiller metal needed to meet the neces-
sary requirementsin respect of quality, penetration requirementsetc.
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»  Optimise the throat thicknessof fillet welds. Doubling the throat thicknessrequires
four times as much filler metal: welding distortions aso increase with increasing
throat thickness. In general, some degree of penetration can be expected for fillet
welds, which meansthat the actual throat will be somewhat thicker than as shown on
the drawing.

Useintermittent welding wherever possible.

+ Select materialsfamiliar to the manufacturer. High-strengthmaterials can be difficult
to handleand work.

Try to avoid using too many different material qualities, sheet thicknessesor typesof
profiles, in order to avoid any risk of mix-ups.

 Specify the geometry, quality classes, inspectionrequirementsetc. of weldsunambig-
uously and in an optimum manner, in order to keep down manufacturing costs.

Specia consideration may be required if production is automated. The weld, for
example, must be positioned accurately, and it may be necessary to provide greater
space for the robot to reach the weld. Butt welds can be difficult if backing is not
provided. Permissibletolerancelevelsare reduced.

+ Using symmetrical welds can reduce welding distortions.

»  Welding ismade easier if the parts are self-locatingand self-fixing.

Detail design

A good design for a welded structureis one in which it is easy to see how loads and
forces are transferred and flow throughout the structure. In general, an item is well-
designed if it is easy to calculateits strength. The following are a number of tips and
viewson appropriatedesign solutions.

. Avoid welding thin material sto thick materials(see Figure 15.26). Thisisundesira-

ble in strength terms because of the resulting stress concentrationsfor fatigueloads,
and in manufacturing terms due to the fact that the rapid cooling caused by the thick
material can cause cracksand poor fusion in thewelds.

Unsuitable Suitable

=
&— O
T

Figure 15.26 Avoid welding thin materialsto thick materials.
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» If the structure will be subject to fatigue loads, changesin sections must be designed
s0 that thereisas little stress concentration as possible, as shown in Figure 15.27.

+ |If possible, position weldsin low-stress areas. Avoid positioning welds too closely
to each other. Avoid aso restraining wel ds(see Figure 15.28).

« Rememberthat it must be possible actualy to producethe welds (Figure 15.29).

+ Designjointsas welded joints, and not as riveted joints with reinforcements (Figure
15.30).

Cornerscan be reinforced as shownin Figure 15.31. Figure 15.32 shows other exam-
plesof welded cornersand corner reinforcements.

Acceptable for Design for fatigue
static loads loads

e

!:

Figure 15.27 Design of changesin section.

AN

C ] ( )

Figure 15.28 Avoid placing too many weldstoo closeto each other.
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8
Figure 15.29 Remember to allow for access for welding

[ v W] 4 |

2L, LA

g v, aul T

Figure 15.30 Rivetedjoint/welded joint. Choose a design as shown in the right-hand
figures.

Figure 15.31 Reinforcinga corner consistingof rectangular hollow sections.

<
L |

Figure 15.32 Corner reinforcements.
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15.6 Strength considerations of welded joints

Section 15.6-15.8 isintended merely for guidance: see references[1], [2], [3], [7] and
[8] for more detailed information on actual welded joints. If the component has to
comply with any design code, then that code hasto be followed fully out.

Additional consideration to residual stressesin welded joints is necessary only in
connection with designing to resist buckling, lateral instability or other instability phe-
nomena.

Butt welds
If the filler metal has a higher ultimatetensile strength than that of the parent metal, and

if the weld is fully penetrating, then the welded joint will be stronger than the parent
metal.

Fillet welds
The sections for analysisof fillet welds are through the throat thickness of the weld and

through the section adjacent to the weld, as shown in Figure 15.33.
In general, stresses can be assumed to be uniformly distributed along the analysed
sections. Some of the penetration might be included in the throat thickness[1].

Section z¢
Section a¢

Section z¢

|
i

Figure 15.33 Sectionsfor analysis of fillet welds.

15.7 Analysis of statically loaded welded joints

Acceptable stress

The following acceptable stresses (= capacity through the analysed sections) can be
assumed for the strength of welded joints:

= @ foug (equation 1)

f
w20y,

¢ isareduction factor that depends on the welding class:

¢ =1.0for weldingclassB

¢ =0.9for weldingclassC

v, = Safety factor that dependson the potential consegquencesof failure.
fuk = fuk = Ultimatetensile strength of the parent metal

Jeuk = Ultimatetensile strength of the filler metal
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TABLE 15.2 The following values can be assumed to be valid for an ultimate tensile strength of

weld, fwuk
Undermatching Overmatching
filler meta filler metd
Section through weld fouk = feuk Fouk = Wfuk - Teuk
Section adjacent to weld fouk = Teuk fouk = fux

Ultimate strength capacity
Welded joints might be designed to resist the following loads:
Fy = Shear force paralléel to theweld
F, =Normal forceat an anglea to the section of analysis(0° < a < 90°)

Determine the capacity of the welded joint in a section through the weld and dso
through a sections adjacent to weld in accordance with Equations 2 and 3, using the
symbolsasshown in Figure 15.34.

Fpy = 0.6-d.4-f 4 (equetion2)
Fro = ﬁ (equation 3)
2+ cos2a
where
d = the height of the analysed sections(= the throat thickness(a) or theleg length (z)
for afillet weld)

{ = effectiveweld length (= actual weld length - deduction for end craters)

Figure 15.33 Symbols as used in the analysis section through the weld.

Use equation 4 when loads are acting both parallel and perpendicular to the weld.

LA _
[F] +(f;..] < 10 (equation4)
Notethat Fj, indicatesshear loadsonly. When dimensioning(for exampl€) the welds

between the flangesand the web in an I-beam, do not take into considerationthe longitu-
dina normal stressoy in the welds.
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Example of calculations for a statically loaded joint
Calculatethe capacity perpendicularto the weld in Figure 15.35.

Effective length of the weld, ¢ = 200 mm.
Material: EN 10025: S275JR (f = 410 N/mm?)

ElectrodeclassISO E51 4 B (fo, = 510 N/mm?)
Sefety against failurey, = 1.1

10

z8.
c 28.5

Figure 15.35 Double fillet weld.

Solution:
Check Sectionsl, 1T and I1I as shown in Figure 15.36.

Welding class C, in accordancewith the weld symbol shown in Figure 15.35, which
meansthat ¢ = 0.9.

m

n

1 F
Figure 15.36 Sectionsto be checkedin a filler weld.

For SectionsI and I1, we have fyy = fui = 410 N/mm?.

For Section IML:  fope = ffy Foux = ~/410-510 = 457 N/mm?
Only normal forces perpendicularto theweld () act.

Section | (adjacent to the weld):
a=90° d=z= 85mm (for each weld).

From Equations1 and 3, we obtain:
poo- Sbfh _ dlofiy 8520009 410
J2+cos2a  12.y, - 2+ cos20 1.2-1.1-./2+cos180

N = 475 kN (for each weld)

= 475.10°
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Section Il (adjacent to the weld):
a=0" d=z= 8,5mm (for each weld).
From Equations1 and 3, we obtain:
Fo, = d-l-o-f,,  _ 85:200-09-410
12y, - J2+cos2a  1.2-1.1-./2+cos0
N = 274 kN (for each weld)

= 27410

Section Hl (through the throat thickness of the weld):
a=45° d= z/(«2) =6 mm (for each weld).
g 200-0.9.457

1211 .2+ cos90

Answer: Theload capacity is2 x 264 =528kN. Themog critical section is Section
11, through the weld throat.
Comments: Theload capacity inthe 10 mm stedl is

Fra =

=264.10° N=264kN (for eachweld)

For = 10-200- —319_ = 621 kN> 528 kN OK.
1.2.11

In other words, the weld will fail before the 10 mm steel does. A simple rule of
thumb for doublefillet weldsisthat the leg length should be about 1.0 x t (wheret =the
thickness of the parent metd), if theweld isto be equally strong asthe parent metal.

15.8 Welded structures subjected to fatigue
loads

Some general notes on fatigue of welded joints

With steadily increasing demands for low weight and reduced manufacturing costs, it
has become essential to solve the problem of welded structures subjected to fatigue
loads. The notes on the following pages are based amost entirely on full-scale tests of
structures, and the resulting experience of their performance. In order to understandthe
phenomenon of fatigue, it isessentia to be aware of the following.

« The geometry of the weld determinesitsfatigue strength.

Examination of awelded joint under a microscope showsthat there are dways dis-
continuities, particularly in the transition betweenthe parent metal and theweld. Defects
can be such as undercutting, overlaps, overrunning welds, micro-cracks, excessive con-
vexity etc. Together with these 'micro-geometric' potential stress concentrations, the
'macro-geometric' stress concentrations for example in the form of such features as
sudden changes in the cross sections, determine the fatigue strength of the welded joint.
With allittle experience and some imagination, it is soon quite easy to see where fatigue
cracks might be likely to occur in welded joints. Some examples are shown in Figure
15.37.
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X -CI-

Figure 15.37 Critical pointsin ¢ welded joint. Possible areaswhere cracks can be
expected are marked.

Smoother transitions between weldsand the parent metal can be obtained by grinding
the weld or by TIG dressing it. In general, grinding is preferable for butt welds, while
TIG dressingis often preferablefor fillet welds.

8 A b)

c) Fy

, : F F
Figure 15.38 Grinding or TIG dressing reduces potential Stress concentrations.

a) Before treatment. b) After grinding. The direction of grinding has been marked.
c) After TIG dressing.

It is particularly important to grind away any potentia stress concentration effectsin
the transition area between the weld and the parent metal. To be on the safe side, this
involves aso grinding dightly into the parent metal. The reduction in stress concentra
tion effectsnormally by far compensatesthe effect of the reduced thickness of the parent
metal.

+ The static strength of the parent metal (and of thefiller metal) is of lessimportancein
determining the fatigue strength of a weldedjoint.
This phenomenon can be explained by the theory of fracture mechanics. We nor-
mally distinguish between three different phasesin the growth of afatigue crack through
the materid:

Phasel: Crack initiation= the number of load cyclesrequired beforethe discontinui-
tiesform areal crack (of the order of hundredthsof amillimetrein size).

Phase2:  Crackpropagation = after formation, the crack grows by a given particular
length for each new load cycle.

Phase3:  Final failure = when the crack has grown so much that the remaining mate-
rial is unableto carry the applied staticload, and so afinal failure occurs.

The differencesin thefatigue strengths of different materialsdepend on the length of
theinitiationphase: the better the material, thelonger the initiation phase.

167
© 2003, Woodhead Publishing Ltd



WELDI NGPROCESSES HANDBOOK

However, once a fatigue crack has started, it will grow at the same speed in practi-
caly all gradesof steel. Welding (or gas cutting) of a material destroysthe microstruc-
ture and introduces so many discontinuities that the entire initiation phase can be
regarded as having been passed. All that remainsis the propagation phase, followed by
thefinal failure.

As the propagation phase is the same for al types of steel, and as the final failure
phase has only margina importance, it can be shown that the lifetime of the structureis
independent of thefatigue strengthof the materid - that is, in areasaffected by theweld.

« Theabsolutestresslevel isof lesser importance.

In general, theresidua stressesin the areaaround a weld are of the same order asthe
yield tensile strength of the material, as shown in Figure 15.10. It can be shown that,
regardlessof what the maximum/minimum external Stress (6 ax/Smin) 1S, the weld will
be subjectedto a stressthat variesfrom the yield tensilestrength value down to the yield
limit MiNUS (G pax - Omin)> Se€ reference(3].

A decisivefactor in determining the fatigue strengthof aweld isthusthe stressrange
O; = Omax - Omin- NOte, however, that a welded joint that has been stress-relieved, or
material that is not affected by the weld, is dependent on the absolutelevel of stress, as
thereare then lower residual stressesdue to welding to add to the external stresses.

Some general advice in respect of fatigue

. If the number of load cyclesexpected during the life of the structureexceeds 1000, a
fatigueanalysisshould be carried out.
. Be wary of designs where natural frequency oscillation phenomena can occur. In
such cases, the number of load cycleswill rapidly become very large.
. If the materid is not affected by the weld, then the fatigue strength will be approxi-
mately proportional to the ultimate tensile strength of the material.
. |If the metal has been thermadly cut, it must be regarded in the same way as a welded
element asfar asfatigue assessmentis concerned.
. |f the structureis exposed to a corrosiveenvironment, fatigue strength will be drasti-
caly reduced: intheworst case, by up to 40 %.
. Although high-strength material may be used, a higher fatigue strength cannot be
assumed if:
- thematerial is affected by the weld
- thematerial has been thermally cut
- theenvironmentis strongly corrosive.
In al these cases, fatigue strength higher than what would be the case for norma
mild steel should not be expected. Nevertheless, high-strengthsteelscan still be used if
welds and thermally cut surfacescan be positioned in low-stressedareas (e.g. dong the

neutral axis of a beam subject to a bending moment), or if other special measures can be
taken.

Hot zinc-coating reducesthe fatigue strength of high-strength steels. However, this
effectisnegligibleif the ultimate tensilestrength of the basic material islessthan 500 N/
rm?. For aUTSof 800 N/mm?, there can bea reduction of upto 30 % in relationto the
strength of an untreated rolled surface. Nevertheless, in a strongly corrosive environ-
ment, hot zinc-coatingisstill preferableto the use of untreated material.
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Over the years, considerable knowledge and experience of fatigue testing of parts and
materials has been built up. One way of bringing together such materia is to create a
'referencelibrary’ of tested parts. Most standardsand regulations put welded jointsinto
various categoriesor classes (FAT). See, for example, references|[l], [2],[3] and [7].

The joint class specify the characteristic fatigue strength of the weld in N/mm? for

2x 10° load cycles.

No Joint configuration FAT Remarks
01 Parentmaterial, grounded surface 215
02 Parentmaterial. rolled surface 175 Goodquality
156 Moderate quality
140 Exposed surface of slow
rusting steel
03 Parentmaterial, sand blasted surface See Nos 02 and 04 -07
04 Parent material, hot dip zinc coated surface 156
05 Parent material, sawn surface 156 Workmanship Class GB
175  Workmanship Class GA
Chamfered edges
06 Parent material, sheared surface See No 05
07 Thermally cut surface 90 Surfaceroughness< 0.3 mm
112 Corners machinedto 2 mm
chamfer.
Surfaceroughness < 02 mm
FAT, FAT. Remarks
10 Butt weldindoubleV joint 100 90
—
g . o
11 Butt weld in single V joint 100 90 Withroot with asealingrun,
e a alternatively welded against
Ulv\/ - = abacking strip which is re-
- Z moved
Gi 0L
12 Butt weld in single V joint 90 71 No sealingrun onroot, but
the quality requirementfor
e a,
O, — = the specified weld quality
- level shall apply for the root
ey SN 1 side also
13 Butt weld in single V joint with backing 90 56
strip leftin position
Lo
e gl
=
S zZ;
G-
14 Butt weld with incomplete penetration 90 -

(o]

— o
— -
KW
[0

Figure 15.39 Examplesofjoint classes. Quality as per welding class B according to

ISO 5817.
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A reference library of joint classes can be very valuable, even without performing
any fatigue analysesor any other calculationsat all. Figure 15.39 is taken partly from
reference[3].

ExampleA:  Study joint 10 (Double-V butt weld). FAT; = 100 and FAT,= 90 N/mm?.
Thisweld is therefore about 10 % stronger in respect of |oads paralle to
itslongitudinal direction compared to |oads perpendicular to the weld.

ExampleB: Thencomparejoint 13 (butt weld with backing strip left in position):
FAT,; =90 and FAT| = 56 N/mm?.

If the applied stress is parale to the weld, we lose only about 10 % (FATy being
reduced from 100 to 90) when changing from a double-V butt weld to a single-V buitt
weld, welded only from oneside.

If, instead, the stressis perpendicular to the weld, we lose almost 40 % of its strength
(FAT | falling from 90 to 56). Thisresult feelsright, asthe backing strip must have a
greater stress concentration effect perpendicular to the weld compared to if the stresses
were acting paralel to theweld.

15.9 References

Thefollowing material can be particularly recommendedfor those wishing to learn more

about dimensioning and design of welded products.

[117 ENV1993-1-1 Eurocode 3: Design of stedl structures. Part 1-1: General rulesand
rulesfor buildings. European Committee for Standardisation. Brussels 1992.
(Examplesof dimensioning, manufactureand inspection of stedl structures. Gives
smple and effective instructions on designing for fatigue strength of welded
joints).

[2] Fatigue design of welded joints and components. The international Institute of
welding. A Hobbacher, Abington Publishing, Cambridge, 1996.

ISBN 185573 315 3. (Tips, advice and instructions for constructive design and
dimensioning of welded componentsnot covered by specific sector standards and
submitted to fatigue loads).

[3] TheSted Sheet Handbook, SSAB Tunnplat AB. Edition 3, 1996.

(A genera handbook for design and dimensioning of thin sheet structuresin high-
strength materials).

[4] ISO 2553. Welded, brazed and soldered joints. Symbolic representation on draw-
ings. Edition I, 1994-09-16.

[5] IS0 5817. Arc-welded jointsin stedl. Guidance on quality levels for imperfec-
tions. Edition 1, 1993-02-26.

[6] Anaysisof Welded Structures, Koichi Masubuchi, Pergamon PressLtd, London,
1980. ISBN 0-08-022714-7.

(A guideto estimating the magnitude of distortionsand residua stresses).

[77 BS7608:1993 Code of practice for Fatigue design and assessment of steel struc-
tures. British Standards Institution, London 1993. ISBN 0 580 21281 5.

[8] EN 13445-3 Unified pressure vessels - Part 3: Design. 1CS 23.020.30. European
Committee for Standardisation, Brussels 2002. (Comprehensive handbook for
design and analysisof pressurevessels).

Author: Claes Olsson
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16 Quality assurance and quality
management

Quality requirementsin respect of welded structuresare set out in directives, regulations,
standards or customer specifications. The company performing the work needs to
analyse these requirementsat the tendering stage, to decide whether or not they can be
fulfilled. This is assisted by a systematic method of working. Companies with ISO
900119002 certification have documented procedures for this. ISO 900119002 are
system standards concerned with quality systems. They define welding as a special
process that must be properly controlled in order to ensure that the necessary quality
requirements are fulfilled.

1S0 9001/9002 )
Quality system
EN 729 N
Quality requirementsfor WeldingJ
|
| |
EN 719 \ ‘ EN 287 4 EN 288 )
Welding coor dination Approval testing of Specification and
welders approval of welding
Tasksand responsibilities Certification procedures
Competence:
Welding engineer, EWE PWPS
Welding technologist, EWT
Welding specialist, EWS WPAR
- J/
WPS

Quality levels testing welding processes kimperfections

1SO 5817 EN 473 1504063 ) ( 1S06520 )
ISO 10042 Non destructive Nomenclature of | | clasdfication CD

Figure 16.1 Standards that regulate quality requirements for welded structures.

Figure 16.1shows standardsthat are of interest in thiscontext. Thefollowingare further
described below:

. EN 729, Qudity requirementsfor welding

. EN 719, Welding coordination: tasksand responsibilities
. EN 287, Approva testing of welders

. EN 288, Specificationand approval of welding procedures
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16.1 Quality requirements for welding (EN 729)

EN 729 is a process standard for welding, and describes how quality assurance of
welding work can be ensured. It consistsof four different parts. EN 729-1, whichisa
guideline part, setsout the following applicationareas:

a) as guidance for specification and establishment of that part of ISO 900119002
concerned with the management of specia processes.

b) as guidance for determination of welding quality requirementsin those cases
where the quality system standardsare not applicable.

¢) in connection with auditinglassessmentof welding quality in accordance with a)
and b) above.

The standard has three different quality requirement levels, relating to compre-
hensive requirements, standard reguirements and elementary requirements, so that the
supplier/customer/requirements specifier can choose the requirement level that is
suitablefor the welding work to be performed.

EN 729-2 is used for all three quality requirement levels when ISO 9001 or 9002
requirements apply. This is because the requirementsin EN 729-2 can be set a a
suitablelevel for the particular structure concerned, depending on the effect of welding
on the product safety and function. However, if ISO 900119002 requirementsare not
involved, then EN 729isapplied, asfollows:

EN 729-2 Comprehensive quality requirements
« EN 729-3 Standard quality requirements
« EN 729-4 Elementary quality requirements

Thenext stage in the processisto select the particular elementsfrom EN 729-2, -3 or
-4 that are applicableto the particular working area. The standard includesan appendix
that providesassistanceon this.

EN 729-4 specifiesa minimum acceptablequality requirement level, from which no
elements may be excepted. If there are requirements in respect of general quality
management systems, EN 729-2 must be chosen. Table 16.1 shows the requirements
included in EN 729-2.

The requirement elementsthat are important for ensuring the welding process are
numbers6 and 7, together with parts of 9, 10, 11 and 12. Among the pointsspecified by
them are:

. that welders must have been tested and approved in accordancewith EN 287 (Section
6.2), EN 1418, EN-1S0 9606-3; -4; -5.

. that NDT personnel must be qualified and approved in accordance with EN 473
(Section7.2)

. that welding must be carried out in accordance with a welding procedure specifica-
tion (WPS) (Section9.2)
that consumablesmust be stored and handled in such a way as to prevent absorption
of moisture (Section 10.3)

. that the base materials must be handled so that they cannot be confused with other
materials(Section 11)

. that the need for heat treatment must be considered (Section 12)
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TABLE /6.1 Reauirement elementsin EN 729-2

Heading number
Requirement element in the standard
Contract and design review 4
Subcontracting 5
Welders and other welding-related personnel 6
Inspection/testing personnel 7
Equipment 8
Activities associated with welding 9
Consumables 10
Storage of parent materials 11
Post-weld heat treatment 12
Welding inspection/testing 13
Non-conforming and corrective actions 14
Cdlibration 15
1dentification and traceability 16
Quality records 17

The differences between EN 729-2 and EN 729-3 are dight, and relate primarily to
requirements in respect of equipment maintenance, calibration, approval of WPS and
batch inspections of electrodes. EN 729-1 includes an appendix that providesan overal
description of the differences between the threelevels of the standard.

Table 16.2 showsthe rel ationship between requirement el ementsin ISO 9001 and the
corresponding requirementsin EN 729-2, -3 and -4. EN 729 specifies requirementsin
respect of a welding coordinator, and refersto EN 719, Welding Coordination - Tasks
and Responsibilities(see Section 16.2).

The quality requirements specified in respect of welded products can be verified as
follows:

. Specification and approva of welding procedures, which verifies the mechanical
properties of the welded joint (EN 288, see Section 16.3).

. Approvd testing of welders, which verifies the competence of the welder/welding
operator (EN 287, see Section 16.4, EN 1418, EN-1S0 9606-3, -4, -5).

. Non-destructivetesting, which verifies that the welded joint does not contain imper-
missibleimperfections(ISO 5817, see Section 16.5).

16.2 Welding coordination (EN 719)

Welding is a processthat requires management and coordination in order to ensure that
the specified quality requirements can be fulfilled. EN 719 describes the duties and
responsibilities associated with such coordination and management of welding, briefly
summarised below.

The extent of the coordination required depends on the company's own requirements,
requirements in applicable standards and requirements in the contract. The duties in
connection with this coordination and management can be shared by a number of
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persons. However, it must be defined, €.g. by documents describing the duties of the
persons concerned.

TABLE 16.2 Reauirement elements in /SO 9001 in comparison with EN 729 -2, -3 and -
4. The figures refer to the heading numbersin the standards.

ISO 9001 EN 729-2 | EN 729-3 | EN 729-4

4.1.2 Organisation 6.1 6.1

4.1.2.2 Personnel and equipment for verifi- | 7.1/2 7.172 -
caion

4.3 Contract review 42 42 )

4.4.5 Design review 43 43 €))

4.6 Purchasing 5 5 %)

4.8 Product identificationand tracea 16 (15) -
bility

4.9 Processcontrol — planning 9.1 ©.1) -
-“-— ingtructions 9.2/4 (9.3) (8)
-+-— welding procedureapproval 9.3 9.2 -
--— workshop capacity 8.12 (8.1/2) -
- equipment 8.3/4 (8.3) -
-*-— maintenance 8.5 (8.3) -
-“.— hedt treatment 12 (12) -

4.10.2 Processcontrol and testing 13.2/3 13.2/3

4.10.3 Fina ingpection and testing 13.4 13.4

4.10.4 Inspectionand test reports 9.5 - -

4.11 Calibration 15 - -

4.12 Inspectionand test status 13.5 13.5 -

4.13 Non conformance products 14 (14) (an

4.14 Correctiveactions 14 (14) (11)

4152 Handling 10.3 10.2 -

4.153 Storage 11 11 -

4.16 Quadlity documents 17 16 (12)

(418 Training 6213 , 6:2/3 6

() = Lessextensiverequirements
- = No requirements

Examplesof such dutiesinclude:
- gpecification
« control/coordinate
- inspect/witness

Somebody must be appointed as the company's authorised welding coordinator,
authorised to issue/approve the necessary welding documentson behalf of the company.

Of the activities listed in EN 729, the following can be linked to quality-related
duties in accordance with EN 719:
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+ Contract review

» Designreview (in respect of feasibility of manufacture)

» Purchasingof base materials

+ Selectionof consumables

+ Selectionof subcontractors

+ Production planning

» Selection of equipment

» Approva of welders

» Personnel for inspection/testing

» Peforming thewelding
Inspectionand testing

+ Documentation

A suitable way of meeting the above requirements in connection with the manu-
facture of welded productsis to use checklists for the preparation of tenders and for
productionplanning.

Qualifications

Welding coordinatorsmust possess the necessary qualificationsfor their duties, in the
form of general and special technical knowledge, coupled with experience from the
welding industry. Under EN 719, technical knowledgecan be divided into three levels:
comprehensive, standard and elementary.

Examples of training and qualificationsthat are regarded as fulfilling the require-
ments in respect of technical knowledge are the following, as approved by the European
Welding Federation (EWF):

« European Welding Engineer, EWE
« European Welding Technologist, EWT
» European Welding Specidist, EWS

16.3 Specification and approval of welding
procedures (EN 288)

EN 288, with Annexe A1:1997, describes the specifications for, and approva of,
welding proceduresfor welding metalic materials. It consistsof the following parts:

. Genera rulesfor fusionwelding

. Welding procedure specificationsfor arc welding

. Welding procedure testsfor arc welding of steels

. Welding proceduretest for arc welding of aluminiumand itsalloys
. Approva by using approved welding consumablesfor arc welding
. Approval related to previousexperience

7. Approvd by a standard welding procedure

8. Approva by apre-productionweld test

9. Welding procedure test for pipelinewelding

O g~ wWwN—
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General rules (EN 288-1)

Application

This section of the standard defines general rules for description and qualification of
welding procedures. It assumes that welding will be carried out using conventional
welding methods, controlled by a welder or welding operator working in accordance
with a welding procedure specification or welding data sheet. The standard applies
when qualification of welding procedures is cdled for, e.g. in contracts, product
standards, regul ationsor directives.

Specification of welding procedures
All welding operations must be sufficiently planned before production starts. This
includes producing welding procedure specificationsfor all welded joints, in accordance
with the requirements of EN 288-2, and providing as much detail as required by the
qualification method. All important variables that could affect the properties of the
welded joint must be included. Any permissiblevariationsmust be specified.

Until the welding procedure specification has been approved in accordancewith EN
288, itisclassifiedas preliminary, pWPS.

Approval
A welding procedurecan be approved by one of thefollowing aternatives:

. previousexperienceof such welding
« gpproved welding consumables

+ welding procedure test

- standard welding procedure

- pre-productiontest welding

Annexe A of EN 288-1 sets out guidelinesfor applicationand selection of approval
methods.

Welding procedure specification (EN 288-2)

EN 288-2 specifiesthe technical contentsof the welding procedure specification (WPS)
for arc welding methods. Subject to agreement between the contracting parties, the
standard may also be applied to other fusion welding methods.

A WPS must specify, in detail, how welding isto be performed. It must contain all
important information relating to the welding work, with indication of whether such
factorscan affect the metallurgy, mechanical propertiesor geometry of the welded joint.

The nomenclatureof welding and allied processesis specified and numbered in ISO
4063. Numbersdesignating the most common welding methods are shown in the table
below. Model formsfor WPS are given in the standard in the form of an appendix.

Welding procedure tests for arc welding of steel (EN 288-3)

EN 288-3 sets out the conditionsfor welding approval proceduresfor the arc welding of
steel, and includesthe welding methodsin Table 16.3.
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TABLE 16.3 Numerical reference numbers of common fusion welding
methods as given in SO 4063.

1SO 4063
Welding method designation
Metal arc welding with covered electrode 111
Flux cored metal-arc welding without gas shield 114
Submerged arc welding 12
MIG-welding 131
MAG-welding 135
MAG-welding with flux cored wire 136
TIG-welding 141
Plasmaarc welding 15
Oxy-acetylene welding 311

Other fusion welding methods can be included, subject to agreement between the
parties.

Test pieces

The standard specifies the shape and minimum dimensions of standardised testpieces to
be used in connection with the welding procedure. Thetest pieces must be sufficiently
large to ensure that there is sufficient material to conduct away the heat. When impact
testing of the heat-affected zone is required, the test pieces must be marked with the
rolling direction.

All welding of test pieces must be carried out in accordance with the preliminary
WPS, and under the same conditionsas can be expected in production. Working posi-
tionsand angles of slope and rotation must be as specified in ISO 6947. Tack welding
must be included in the test weldsiif it isto be used in production. Welding and testing
must be supervised by an examiner or examining body.

Examination and testing
Testing consists of both non-destructive and destructive testing, as appropriate, and as
follows:

+ visua inspection

- radiographicor ultrasonic testing
+ crack detection

- transversetensiletest

* transverse bend test

 impact testing

« hardnesstest

« macro and micro examination

The standard specifieshow thetest pieces shall be positioned.
Retesting

If the welding procedure test pieces do not meet all the test requirements, the results
cannot be approved. It ispermissibleto perform afurther proceduretest.
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If any singletest piece failsto meet the requirementsdue to geometrical defects, two
new test pieces may be selected for retesting. If either of them fails, then the entire WPS
asofails.

Range of approval
A WPS that has been qualified by a manufacturer is valid for welding in workshops and
at sites under the same technical management.

Welding procedure tests form the basis for qualification of a WPS, of which the
important variableslie within the approval range of the procedure test. Essentia vari-
ablesare:

base materia
+ material thicknesses
« welding method
+ welding position
- typeof joint
» consumables
- typeof welding current
+ hesat input
+ preheat temperature
+ intermediate passtemperature
+ post heat treatment

Documents of approved welding procedure tests (WPAR)

Recordsfrom welding and testing shall include al the information needed for approval.
Welding Procedure Approva Records(WPAR) must be signed by the examiner. Mode
forms of WPAR are included in the standard.

Older welding procedure tests

Older welding procedure tests, carried out in accordancewith national standardsor spec-
ifications, can be approved provided that the technical requirementsin EN 288 are
fulfilled and that the test conditionscorrespond to the production conditionsthat will be
encountered. Use of these older welding procedure tests shall be agreed between the
contracting parties.

Welding proceduretest for arc welding of aluminium and its
alloys (EN 288-4)

In a similar manner to EN 288-3, EN 288-4 describes the conditions applicable to
approval of welding procedures to be used for arc welding of auminium and its
weldable alloys in accordance with ISO 2092 and 2107. These welding methods are
MIG welding, TIG welding and plasmawelding.

The standard, which follows the same principles as in EN 288-3, specifies how
welding isto be performed and what teststhat are to be carried out. |mportant variables
for the procedure test are the same asfor steel, but with lesser differencesin the vaidity
area. Notethat welding positionisan essential variable.
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Tensle testing employs a correction factor linked to the type of aloy of the base
material and its as-deliveredconditions. Bend testingis carried out using alarger former
diameter for the high-strengthalloysthan for untreated aluminium.

Use of approved welding consumables (EN 288-5)

EN 288-1 alows welding procedures to be approved on the basis of their use of
approved consumables. Thismethod is described in EN 288-5, which appliesfor repet-
itive welding operationsand for workpiece materials of which the structuresand prop-
ertiesin the heat-affected zone do not degrade during operation.

For steel, applicable welding methods are metal-arc welding, MIG/MAG welding
and TIG welding, while MIG welding and TIG welding are approved for auminium.
The standard appliesto carbon manganese steel sand chromenickel steels, aswell asfor
pure aluminium and non-heat-treatablealuminiumalloys. Base materia thicknessesare
3-40 mm.

Approval isgiven by an examiner or examining organisation, based on the workpiece
material specification in accordance with an EN standard, and description of approved
consumables in accordance with the relevant EN standards and a specific pWPS in
accordance with EN 288-2. Approvd is valid as long as the approved consumables
continueto be used, and isdocumented by meansof the examiner'sinitialsand datingon
the pWPS concerned.

Approval related to previous experience (EN 288-6)

Many workshops have considerableexperienceof the manufactureof welded structures
involving third-party inspection, with good operating experience of the finished
products. In such cases, the welding procedure can be approved on the basisof reference
to previousexperience. EN 288-6 describesthe conditionsfor this procedure, and covers
meta arc, submerged arc, MIG/MAG, TIG and plasmawelding.

It must be possibleto document an EN 288-2 pWPS based on previousexperienceby
authentic tests or investigationsthat show that the technical specification requirements
for the product are fulfilled. Two methodsof documentationare specified:

I. Documentation of testing (e.g. non-destructive or destructive testing, leak testing),
together with a summary of welding productionover aperiod of at |east one year.

2. The performance records of weldsin operationover a suitableperiod (five yearscan
be suitable).

Range of approval isin accordancewith EN 288-3 and 288-4, and continueto apply
as long as manufacturing is carried out in the prescribed manner. Approva is docu-
mented by the examiner initiallingand dating the preliminary WPS, which is then kept
by the manufacturer.

Approval by a standard welding procedure (EN 288-7)

EN 288-7 describesthe conditionsfor approval and use of a standard welding procedure.
These proceduresare restricted to the materia groups and workpiece thicknesses spec-
ifiedin EN 288-7.

A standard WPS must comply with the requirementsin EN 288-2, and be approved
by a examiner or examining body who/that verifiesthat welding and testing are carried
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out in accordance with the requirements of the standard. Organisations that have
prepared approved standard wel ding procedures can then supply them as basesfor other
companiesvariouswelding data sheets. The use of standard welding procedures, as of
approved consumablesor previousexperience, can be limited by standardsapplicableto
particular productsor by requirementsin contracts.

The use of standard welding procedures requiresthe involvement of a welding coor-
dinator in accordance with EN 719, coupled with a requirement that the company's
quality management system must fulfil the requirements of the applicable part of EN
729.

Standard welding procedures are valid as long as the above requirements are
fulfilled.

Approval by a pre-production weld test (EN 288-8)

Welding proceduresmay be approved by pre-productionweld testsif the shapeand sizes
of test piecesin accordance with the standard do not represent the particular types of
welded jointsto be made. The conditionsassociated with this method of approva are
set out in EN 288-8.

The test pieces must comply with the applicable product standard, or be as agreed
between the contracting parties. A pWPS must be prepared before welding the test
pieces, which must be carried out under conditions representative of the planned
production.

As far as possible, testing shall include the various requirements given in the
standard. In general, thefollowingtests must be carried out:

+ visua inspection

. crack detection: see Section 16.5)

+ Mmacro examination

. hardnesstest (depending on the material requirements).

In general, the validity range of approva isas set out in the applicable parts of EN
288, but restricted to the type of joint used for the testing. Approva of the procedure
remainsvalid aslong as production conditionsare the same as those used during testing.

Asfar as possible, WPAR must comply with EN 288-3 or 288-4.

16.4 Approval testing of welders (EN 287)

In general, directivesand regulationsrelating to welded productsrequire the competence
of the welder to be stated. This can most easily be done by testing the knowledge and
capabilitiesof the welders. EN 287, with Annexe A1:1997, sets out important require-
ments for approval and certification of persons welding steel or aluminium. Welding
operators are tested in accordance with EN 1418: those welding copper, nickel or
titanium are tested in accordancewith EN-1S0 9606-3, -4 and -5.

Welder certificatesissued by an examinationbody in one country must be acceptable
to examining bodies in other European countries. There are, however, certain excep-
tions: e.g. national regulationsmay requirethat only certification bodiesin the country
concerned may issue welder certificatesfor particular types of work. This restriction
will disappear when al EU directivesfor welded productsare implemented.
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Essential parameters for welder testing

Welding methods

EN 287 coversmetal arc welding with covered electrodes, submerged arc welding, MIG/
MAG welding, TIG welding, plasma and gas welding. Other fusion welding methods
may beincluded, if specifically agreed.

Types of welds
Butt weldsand fillet weldsin sheet, plateand pipe (hollow sectionsare regarded as being

pipes).

Material groups

W01 CMn sted, R, < 360 MPa

W02 CrMo/CrtMoV, sted

W03 Fine-grained steel, normalized, quenched and tempered steel, R, > 360 MPa
W04 Ferritic stainlessstedl, Cr = 12-20%

Wil Stainlessferritic-austenitic and austenitic CrNi-steel

W21 Pureaduminium

W22 Non-hesat-treatable aloys

W23 Heat treatable aloys

Informationon other important aspectsof welder testing, such as consumabl es, metal
thicknesses, pipe diametersand welding positions, isgivenin the standard.

Performing welder testing

Approval testing of weldersin accordancewith EN 287, 1418 and 9606 means that the
company must review its activitiesand decide what materia qualities, metal thicknesses
and pipe diameters the company needs to weld. Welding positions for the various
welding methods must also be defined.

When deciding on the type of product (plate/sheet or pipe), the company must
consider the requirements in the standard concerned with renewal of welder testing:
with reasonabl econtinuity, weldersmust have carried out welding work covered by their
approval.

In general, approval of a welder's capabilities aso includes approva of all welds
made by the welder and regarded as easier than the test weld. The validity of approvals
of weldersisset out in tablesin the standard.

Welder tests must be conducted in accordance with a welding procedure specifi-
cation or welding data sheet. Thismay be preliminary (pWPS), based on the company's
aggregated welding abilities, or qualified, depending on the particular product require-
ments.

Welder testing must be supervised by an examiner or an examining test body that is
accepted by the contracting parties. The examinersmay be employed by the manufac-
turer or purchaser, or by athird party, as determined by the contract requirements. The
highest approval level isgiven if examining is carried out by an accredited certification
body for certificationof personnel.

Althoughnot obligatory, the wel der'stheoreti cal knowledgemay also betested. This
will requirethe welder to have knowledge of :
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. Theimportant parts of the welding equipment
« |dentificationof base materials
. Methodsfor preheatingand checking preheat temperatures
Handling of consumables
Welding procedure specifications, selection of welding parameters
. Thecausesof welding defectsand measuresto avoid defects
« Sdfety requirements
. Vdlidity of the welder'scertificate.

The test methods used for assessment are:

« Visua inspection

- Radiography

- Bendtest
Fracturetest

- Macro examination.

The method to be used dependson the wel ding method, the shape of the product and
thetypeof joint.

Acceptance criteriafor test welds shall be determined in accordancewith ISO 5817,
Level B, for steel, and ISO 10 042 for aluminium. ISO 6520 describes imperfections.
Reference should also be made to corresponding acceptance criteriafor non-destructive
testing.

Duration of validity

Welder certificates are issued under the full and sole responsibility of the examiner or
examining body. They remain valid for two years, provided that the welder continuesto
work within the validity area and does not take a break of longer than six months. This
must be certified by the employer/foreman every sixth month.

Certificates can be extended for further periods of two years, provided that the
welder's work continues to fulfil specified quality requirements, which must be
confirmed by documentation of tests of the welding work. The examiner or examining
body who/that issued the certificate can extend the vdidity of the certificateif the above
conditionsarefulfilled.

16.5 Non-destructive testing

Quality levels must be clearly specified if the quality of welds is to be determined by
non-destructivetesting. Thisisdonein accordancewith ISO 5817 and ISO 10 042, Arc-
welded Jointsin Steel and Aluminium - Guidelinesfor Quality Levelsfor Discontinu-
ities and Geometric Imperfections. These two standards have three different quality
levels:

Quality level  Symboal

Moderate D
Average C
High B
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These quality levelsare used in applicationstandardsor by the designer.
The most widely used methodsof non-destructivetesting are:

Radiography RT
Ultrasonic testing uTt
Magnetic particletesting  MT
Liquid penetrant testing PT
Eddy current testing ET

Radiography is used to reveal primarily internal volumetric discontinuities. The
films are evaluated against the required quality level. Use of this method is limited by
thethicknessof the weld, which should not exceed 50 mm.

Ultrasonic testing is most suitable for detecting internal plane discontinuities. It
requiresa good test surface. The materia should not be lessthan 8 mm thick for reliable
evaluation.

Magnetic particletesting is a surface testing method, used to reved discontinuities
in or immediately below the surface of ferromagneticmaterials.

Liquid penetrant testing is also a surface testing method, and is used to reved
discontinuitiesin the surface of non-porousmaterials.

Eddy current testing, or inductive testing, is used to reveal discontinuitieson or
immediately below the surface of electrically conducting materials.

A common featureof all thesetest methodsisthat thetest personnel must hold certif-
icates in accordancewith EN 473. Testing must also be carried out in accordance with
approved test procedures.

Author: Curt Johansson
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17 Welding costs

17.1 Welding cost calculations

The choice of a particular welding process is usually made on cost as well as technical
terms. Technical limitationscan be such asthetype of material, itsthickness, the type of
joint required and/or welding position, i.e. factorsthat are directly linked to the capabili-
ties of the particular welding method. In addition, there are limitations that may be
imposed by special quality requirements, production resources in the factory, the work
environment and so on. Despite potentia benefits, acompany may not have been ableto
invest in new welding equipment or a new welding method, with dl that isinvolved in
terms of equipment cost, training of personnel and bringing the new facilities into
production.

As a resault, the general determining factor in deciding on a particular welding
processis usualy cost - that is, to choose a process that producesthe required quality at
the lowest possiblecost. Thisisassisted by a method of making welding cost calcula
tions by means of arefined internal cost analysisprocedurethat calculates the coststhat
are specific to the welding element of the work. Traditionally, these costs are regarded
as consisting of those for labour, consumables (which include shielding gas and backing
materials), equipment and energy. There are, of course, many other costs, such as those
for joint preparation, inspection, painting etc., al of which must be considered. Thefol-
lowing material considers only the costs connected to job made by the welder.

Internal cost calculation can be used to arrive at the cost of welding a product, and
also for comparisons between different procedures or for investment in new equipment,
e.g. for the introduction of automation. It can also be used when evaluating variousways
of reducing welding costs.

The mode described here is best suited to ordinary fusion welding methods using
filler materials. The calculations can be performed manually, or there are also more or
less comprehensive computer programs that assist the work and so make it easier to
compare a larger number of alternatives. Some programsinclude data bases for materi-
as, filler materials, hourly rates, guide valuesfor welding parameters and so on, which
further assiststhe work.

It isimportant to realisethat the accuracy of the caculationscan never be better than
the quality of the input data. Experience from earlier calculations, for which true costs
have been obtained by post-production costing, is therefore important in ensuring that
cogt estimates are reliable.

17.2 Some welding cost concepts

Welding costing uses a number of concepts, as discussed bel ow.

The deposition rate is the mass of weld metal melted into the joint per unit of time
(whilethe arc is struck), and is usually expressed in kg/h.

In the case of welding with coated electrodes, the data sheets from the electrode man-
ufacturers give the deposition rate at 90 % of the specified maximum current for the
electrode diameter concerned. As the deposition rate depends on the current, it can be
expressed in asimplified form for a particular value of current as
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Maximum deposition rate x Welding current
Welding current at maximum deposition rate

Actual depositionrate =

The current depends on the welding position, whether the passisfor aroot passor a
filler passetc.

For MIG welding with solid wires diagrams and/or tablesof deposition rates for dif-
ferent wire diameters and currents are available:  alternatively, they can be calculated
fromthewirefeed speed. Inthe case of steel, with anormal stickout, the wire feed speed
isapproximately:

143
Welding current + 22
52x Wire )

Wire feed speed (m/min) = (

The deposition efficiency indicatesthe proportion of the gross weight of filler mate-
rial actually used that is converted to useful weld metal. Coated electrodes and fl ux-
cored electrodesform dag, and so the deposition efficiency for such material is consider-
ably less than 1. The stump length of coated electrodes is normdly assumed to be
50 mm, except for stainlesselectrodes, for which it is taken as 35 mm. In the case of
filler wire, there is some loss in the form of spatter. Typical values of deposition effi-
ciency aregivenin Table 17.1.

If the deposition rate is cal culated from the wire feed speed, it is necessary to mullti-
ply the result by the deposition efficiency in order to compensate for dag or spatter
losses.

TABLE 17.1 Typical valuesfor comparative cost calculations.

Operator Deposition

factor efficiency
Manua metal arc welding 0.30 0.60
MIG/MAG, solid wire 0.45 0.95
MAG, flux cored wire 0.40 0.85
Submerged arc welding 0.80 0.98

The number of electrodes needed in order to deposit 1 kg of weld metal is of interest
only for coated electrodes. If the weight of weld meta is known, the number of changes
of electrode that will be required can be caculated and also the associated time for slag
removal after each electrode.

The weight of weld metal is calculated from the details of the joint as shown on the
welding drawings, which gives the volume of weld metal, multiplied by the density of

the material which, for steel, is 7.8 kg/dm®. The cross-sectional areaof the weld, and its
length, give the theoretical volume of weld metal. A fillet weld with a throat thickness
of 4 mm and alength of 1 m hasawed metd volumeof 16 cm?®. In practice, thisvaue
may need to be compensated for excess deposition, gapsetc., which increasethe volume,
and/or shrinkage, which decreases the volume. Tables are available that give the weld
metal volumesfor varioustypesof joints. The previoudy mentioned computer programs
automatically calculate the volume from the given joint data.

The job time is the time that it takes to carry out a particular welding job, and
includes the setting-up time and the operation time. The setting-up time is the time
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required to set up and start the new work. In the case of mass production processes, this
time will be incurred only in connection with the first workpiece to be produced. The
operationtime isthe time taken for welding each workpiece, and includes:

. Thearctime,i.e. thetimefor which the arc isactually struck.

. Theadditional time directly connected to the arc time, i.e. the time taken by replace-
ment of the filler wire / electrode, dag chipping, cleaning gas nozzles etc., and
directly related to the welding.

. thehandlingtime, i.e. thetimefor handling workpieces, preparationprior to welding,
such as tack welding etc. Thistimeis very dependent of working practices and pro-
cedures.

. the contingency allowance, i.e. time that cannot be directly related to the welding,
and which is often alowed for by a percentage addition.

Therelative proportionsof the total made up by the abovetimeswill vary, depending
on thetypes of items produced, the way in which the work is carried out, the availability
of ancillary equipment, the amount of mechanisationand so on.

The operator factor is the time for which the arc is actually burning, and can be
arrived a in variousways. Tablesand diagramsfrom the literatureand from suppliers
give guide values that can be used in cases where a company does not have experience
of its own to draw on. Own values, of course, have the advantage of applying exactly
for the company's own particular situation and circumstances. In those cases where
filler material isused, the arc time can aso be cal culated from the weight of weld metal
divided by the depositionrate.

The operator factor expressesthe rel ationship between the timefor whichthearcis
struck and the total welding working time. It has sometimesbeen incorrectly used asa
measure of productivity — i.e. assuming that a high operator factor indicatesa high pro-
ductivity. However, using a welding method having a higher welding speed will reduce
the arc time. If other times are unchanged, this will mean that the operator factor is
reduced, despitethe fact that the work hasactually been performed more quickly. If the
company has experience-based values of operator factors for some particular type of
welding, the total job time can be calculated by dividing by the operator factor. Typical
operator factorsare shown in Table 17.1.

17.3 Cost calculation

The labour cost is obtained by multiplying the operation time by the hourly cost.
Companies know their own hourly costs, which are made up of hourly direct wages
costs, employers social insurance charges, holiday pay etc. The hourly cost often
includesa share of common costsin the form of a percentageaddition.

The cost of consumables needed for welding is referred to here smply by the
umbrellaname of cost of filler materials.

. Electrode (or wirein TIG welding) consumption can be cal culated from the weight of
weld metd divided by the deposition efficiency. Kilogram cost of electrodesis com-
pany-specific.

. Fux consumption is linked to weld metd weight by a specific flux consumption
factor, stated by the flux manufacturer.
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. Consumption of shielding gas can be calculated from the arc time (or corresponding
time during which gas is flowing, e.g. as back shielding gas, multiplied by the gas
flow rate in I/min. The gas cost (euro/l) depends on factors such as the method of
supply/delivery (gas bottles, bulk tanks), and is specificfor the company.

Machine cost can include costs for welding equipment, mechanisation equipment,
specia handling equipment and 0 on, and can be considerableif it includesautomation
and/or robot equipment. The hourly cost of the equipment can be calculated from the
costsfor depreciation, interest and maintenance, together with an estimate of the annual
usetime. Thedetails of thiscaculation, and of the elementsto be included, vary from
company to company. The machine costsfor a particular welding job can be calculated
from the hourly machine cost and the operation time.

Theenergy cost can be calculated from the arc time and power demand during weld-
ing, possibly with the addition of an alowancefor no-load operation. It isnot normaly
necessary to alow for the uncertainties that have to be considered for the other codts.
Energy costs usually amount to about 1-2 % of thetota costs.

L abour cost

Weld metal (kg) x hourly cost (euro/h)
Deposition rate (kg/h) x Operator factor

Weages:

Cog of filler materials
Weld metal (kg) x Electrodecost (euro/kg)

Electrode: Nyttotal

Gas: Weld metal (kg) x 0.06 x Gas consumption (I/min) x Gas cost (euro/m3 )
) Deposition rate (kg/h)

Flux: Rel. flux consumption (kg/kg) x Weld metal (kg) x Flux cost (eurokg)

Backing:  Weld length (m) x Backing cost (euro/m)

M achinecost

Weld metal (kg) x Machine cost (euro/h)

Equipment: Deposition rate (kg/h) x Operator factor

Energy cost
Electricity: Energy consumption (kWh) x energy cost (euro/kWh)

Figure 17.1 Formulae for calculating welding cost.

The cost of backing support isafunctionof weld length.

Comparison of allthe-above costs shows that is the labour cost that is by far the
highest for manua welding. A typical example from welding plain carbon steel can be
8090 % for labour cost, 5-15 % in cost of filler materials and 3-5 % for machine costs.
The cost of filler materials becomes more significant when welding expensivematerials
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such as stainless steel. Machine costs become significant only when automated and
robot welding come into the picture. Measuresto reduce costs are therefore concen-
trated on reducing the operationtime.

Figure 17.1 shows a cost calculation based on theoretical calculations of the weld
meta weight.

f 'WPS no: 13:00
A et an T Cost Calculation pWPSno: PO
268 33 SVALOY Pagel of 1

Dite: 12/23/2002

Made by: Ame Anderdahl, EWE

Customer: Arjo Project: Fastplatta 1-23349D Place:
Reparation

Time (h) Cost
Gouging: 0.00 0.00
Backi ng: 0.00 0.00
Grinding: 0.00 0.00
Tacking: 0.00 0.00
Run Elgctrode Fluy, Gas T i |consumptia o Colst Calculati

kg Cost kg Cost Arc Process drg | Equipme | Welding | Perkg | Tod
1 0.08 000 | o002 0.04 0.04 0.07 141 1095| 160.68| 12.38
Total 0.02 141 1095 12.38
Total costs (Rep. + welding) 12.38

Figure 17.2 Anexample of a welding cost calculation, using the Weldplan program.

Computer programs for welding cost calculations

Various types of computer programsfor calculating welding costs are available. The
simpler ones lack data bases of filler materials, additional times etc., but are cheap and
user-friendly. At the other end of the scale isthe Weldplan program (devel oped by the
FORCE Institute, Denmark). It can be used to produce a complete specification of the
work, which then forms the starting point for the cost calculations. Figure 17.2 illus-
tratesa calculation using the program. The program can also produce an operationslist,
itemising operationsto produceatotal manufacturing cost.

Methods of reducing welding costs

One of the most important reasons for making cost calculationsis to identify waysin
which manufacturing costs can be reduced. Costs are influenced right from the design
stage, with further input factorsall the way through to production. Some examples are
given below.

The biggest cost in manual welding isthelabour cost. One way of reducingit isto
introduce mechanisation and automation, described below. Thevariouspartsof thetotal
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jobtime can be affected: awelding method with a higher deposition rate reducesthe arc
time, while changing the method completely might also make it possible to reduce the
time needed for changing eectrodes, slag chipping and spatter removal, thus reducing
the total time. Equipment to hold or manipulate the workpiece to provide a good
welding position assists welding. Planning of the work, too, is important, as perhaps
only 30% of thetotd timeisproductivearctime. It can sometimesbe possible to avoid
making unnecessary welds, and/or to use other production processes such as bending.

Some of the work time isthe arc #ime. Even with a given welding method, it may
still be possible to improve this by optimum choice of welding parameters and elec-
trodes, and/or by avoiding depositing more weld metal than necessary. The design stage,
for example, specifies the joint design and throat thickness of fillet welds. The joint
design can be such asto minimise the amount of weld metal required, naturally subject
to the necessary performance requirements. Too large a throat thickness always results
in more weld metal than is needed: a throat thickness of 5mm uses 56 % more weld
meta than does a throat thickness of 4 mm. |t is also important to plan joint prepara-
tions, bringing together and holding the parts and welding so that no more weld meta
than necessary is deposited: this will also have the additional benefit of reducing
welding deformation. If, in addition, the penetration of the fillet weld can be utilised to
reduce the nominal throat thickness, there will be a further reduction in the quantity of
weld metal.

The use of filler materials can also be influenced, although this cost needs to be
related to the labour cost. |If the labour cost can be reduced by more efficient welding,
reduction of preparation and finishing, such as spatter removal, avoidance of two-sided
welding, improved quality etc., additional cost for filler materias can be justified.

Bear in mind, too, the overall production process. The correct quality of materials,
fillers, careful joint preparation and bringing together of partsall assist welding, reduc-
ing the overall time and having the least possible effects on other processes. A properly
made weld generatesfewer problemsof inspection and possible corrections.

17.4 Mechanisation, automation, robot welding

Welding efficiency can be improved by the use of varying degrees of mechanisation. A
certain level of mass production, or repeated production, is usually necessary, athough
various typesof mechanisation equipment can bejustified even with small batches. The
introduction of mechanisation will ater the proportions between the various cost
elementsthat make up the whole.

Setting up times are likely to be longer, particularly with more advanced automation.
If manufacturingcost isto be viable, the cost of the setting-uptimes must be spread over
anumber of workpieces. Thetota savings emanate from lower operation time per item.
Each welder can also produce morethrough use of the equi pment, although the machine
cost will be higher, reflecting the use of the advanced equipment.

Quality control costs are likely to be reduced, as production is more carefully
managed when the equipment has been correctly set up. However, training and running-
in will be needed, which introduces extra costs. Maintenance costs will probably also
increase, in connection with the use of more complicated equipment.

Properly installed and used mechanisation / automation / robot processes improve
working conditionsin both physical and work content terms. Better utilisation of capita
bound in products in stock is another positive factor, resulting from the ability to tailor
manufactureto suit actual needs.
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